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The overarching goal of the research presented here was to explore how the 
composition of the future atmosphere will affect the growth and performance of 
plants.  Pursuant to this goal, I determined the single and combined effects of elevated 
carbon dioxide (CO2), nitrogen dioxide (NO2), ozone (O3), and soil deposited nitrate 
(NO3-) on seedlings of sugar maple (Acer saccharum), eastern hemlock (Tsuga 
canadensis), trembling aspen (Populus tremuloides), red oak (Quercus rubra), and the 
model annual, Arabidopsis thaliana.  The chemistry of Earth’s atmosphere is 
changing, largely due to human activities and these changes include rising 
concentrations of CO2, NO2, and O3.  In order to determine how plants will perform 
under these likely future atmospheric conditions, we need to understand the 
mechanisms controlling the entry and elimination of these gases in plant leaves and 
determine how these gases alter growth, chemistry, and phenology of plants when 
applied alone and in combinations.  I determined the relative importance of physical 
and chemical processes in controlling the leaf-level fluxes of NO2 and O3 by pairing 
leaf-level flux measurements with measurements of stomatal conductance, ascorbate 
concentration, and nitrate reductase activity and using these measurement to build 
multiple regression models.  These models determined that stomatal conductance was 
the dominant controller of both NO2 and O3 fluxes, explaining 84 and 56 % of the 
variance in NO2 and O3 fluxes, respectively.  The addition of ascorbate concentration 
was particularly useful in the model for O3 fluxes where it explained an additional 10 
% of the variance.  Based on the findings of the modeling study, I predicted that any 
 treatment causing a change in stomatal conductance would likely impact the 
magnitude of the plant responses to NO2 and O3.  From 2004-2007, I conducted field 
experiments using open-top chambers to expose plants to combinations of elevated 
CO2, NO2, O3, and soil NO3-.  The three most important findings from these 
experiments were: 1) The combination of elevated CO2, NO2, and O3 rarely resulted in 
a change in plant biomass even if the treatments individually did alter biomass, 2) 
Even when elevated CO2 did not increase overall biomass, it did alter leaf chemistry 
and structure by decreasing specific leaf area and % leaf nitrogen while increasing leaf 
C:N, and 3) Under elevated CO2, elevated O3 significantly delayed the production of 
flowers and pods in addition to decreasing the overall reproductive output of the 
model annual, Arabidopsis thaliana.  These findings suggest that current models 
predicting an increase in tree seedling growth under elevated CO2 may be 
overestimating the potential biomass production because they do not account for the 
effects of elevated NO2 and O3.  These results also suggest that changes in phenology 
and leaf structure and chemistry may be greater than the changes in overall plant 
biomass and deserve greater attention from the scientific community. 
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Chapter 1 
Introduction 
Human activities, particularly the burning of fossil fuels and biomass, have 
changed the composition of the Earth’s atmosphere.  These activities have directly 
increased the concentrations of carbon dioxide (CO2) and reactive nitrogen (e.g. NO2 
and other oxidized forms of N); and indirectly increased the photochemical production 
of ozone (O3) in the troposphere through the release of reactive nitrogen and 
hydrocarbons.  Models that predict future atmospheric conditions suggest that without 
changes in human behavior, concentrations of CO2, NO2, and O3 will continue to rise 
(IPCC 2007). 
Monitoring and modeling of atmospheric chemistry suggests the atmosphere 
has already changed, and how it is likely to change in the future.  CO2 emissions have 
increased 80% since 1970, and the global CO2 concentration is increasing by 1.9 ppm 
per year (IPCC 2007).  Between 1860 and 2000 the total amount of reactive nitrogen 
produced by human processes increased from 15 Tg N yr-1 to 165 Tg N yr-1 with 
reactive nitrogen from fossil fuel burning increasing from 1 Tg N yr-1 to 25 Tg N yr-1 
(Galloway et al. 2003).  In urban areas in the United States, the concentration of NO2 
is typically 10-45 ppb (NASA Visible Earth http://visibleearth. 
nasa.gov/view_rec.php?id=15000) and 22-45% of Europeans living in urban 
environments now experience background NO2 levels above 20 ppb (© EEA, 
Copenhagen, 2008).  In addition to rising NO2 (and in part because of it), O3 is 
increasing in both rural and urban areas; many cities now routinely exceed the EPA 
recommended limit of 80 ppb (EPA, AIRNOW). 
Many studies have looked at the influence of elevated CO2 on gas exchange, 
growth, reproduction, and phenology of plants.  Several review papers have reported 
that the majority of elevated CO2 studies find increased photosynthesis (at least 
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initially), higher total biomass (Ainsworth and Long 2005, Norby et al.. 1999, Curtis 
and Wang 1998), greater reproductive output (Jablonski et al. 2002), altered 
phenology (Springer and Ward 2007) and decreased stomatal conductance (Ainsworth 
and Long 2005) in response to elevated CO2.  Despite the general trends, there is 
significant variation in biomass changes (Ainsworth and Long 2005) and the direction 
and magnitude of phenological shifts (Springer and Ward 2007) depending on the 
functional group of the plants and the growing conditions in the study.  
Elevated O3 is a strong oxidant and can be severely detrimental to plants.  It 
has been shown to cause visible leaf damage (e.g. Greitner et al. 1994, Coleman et al. 
1995), decrease photosynthesis (e.g. reviews by Chappelka and Samuelson 1998, 
Skärby et al. 1998), decrease growth (see review by Fuhrer 2009), decrease 
reproductive output, and delay flowering (see review by Black et al. 2000).  The 
effects of elevated O3 on growth can be tempered by the addition of elevated CO2 (e.g. 
Isebrands et al. 2001, Karnosky et al. 2003, King et al. 2005), at least in part because 
of decreased stomatal conductance under elevated CO2. 
When NO2 enters plant leaves it disproportionates into nitrate and nitrite and 
can potentially act as a source of nitrogen and have a beneficial effect on plants (see 
review by Sparks 2009), but NO2 has also been found to decrease or have no effect on 
growth (e.g. Zeevart 1976, Rowland et al. 1985, Vallano and Sparks 2007).  Although 
little is known about the effects of NO2 on plant phenology, it is likely the effects will 
be largely dependent on whether it increases or decreases total plant biomass.  When 
coupled with elevated O3, the combined oxidative damage caused by the two gases 
may result in greater damage than seen with either gas singly.  Conversely, if elevated 
NO2 provided an addition source of nitrogen, it may help sustain the enhancement of 
biomass caused by CO2 and contribute to the production of larger plants.  Like O3, the 
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effect of NO2 (whether positive or negative) is likely to be decreased when stomatal 
conductance is low, as may happen under elevated CO2. 
The goals of this thesis were: 1) determine the relative controls of physical and 
biochemical processes on the entry of pollutant gases into leaves, and 2) determine 
how growth, biomass production, leaf chemistry, reproduction, and phenology are 
affected by these pollutants under current and future CO2 conditions.  The following 
dissertation is divided into four chapters that describe one experiment used to address 
the first goal and three experiments used to address the second. 
To determine the controls on leaf-level fluxes of NO2 and O3 we measured the 
physical resistance to gases entering the leaves (stomatal conductance), the ability of 
plants to remove the gases from the apoplast (inferred from the concentration of the 
antioxidant, ascorbate), and the ability of the plants to remove the products of the 
chemical reactions that eliminated the gases from the apoplast (for NO2 only, 
determined by nitrate reductase activity).  These parameters were measured in tandem 
with instantaneous leaf-level fluxes of O3 or NO2 to the leaves of Catharanthus 
roseus.  I combined these measurements to create multiple regression models and 
determine which variable combinations provided the best explanation of the variation 
in O3 and NO2 fluxes.  The best models and the overall predictive abilities of those 
models are laid out in chapter 1. 
Chapter two outlines the open-top chamber experiment that I conducted to 
determine the effects of elevated CO2, NO2, and soil NO3- on sugar maple (Acer 
saccharum) and eastern hemlock (Tsuga Canadensis) seedlings.  I used a factorial 
design to compare the single and combined effects of the treatments and identify non-
additive effects that are crucial for making accurate predictions of future plant 
performance, but are difficult to determine from single-treatment studies.  I measured 
the treatment effects on instantaneous photosynthesis, stomatal conductance, biomass, 
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allocation, and leaf chemistry in order to make predictions about future growth, carbon 
storage potential, and leaf quality of tree seedlings. 
After completing the experiment discussed in chapter two, I expanded the 
open-top chamber system to include an O3 treatment in addition to the CO2 and NO2 
treatments and added seedlings of red oak (Quercus rubra) and two clones of 
trembling aspen (Populus tremuloides) to the sugar maple and eastern hemlock 
seedlings (detailed in chapter three).  As in the earlier experiment, I measured 
photosynthesis, stomatal conductance, biomass production, and biomass allocation.  In 
this analysis, I focused on the differences between species and the cases where our 
current predictions of seedling growth and carbon storage potential may be inaccurate 
because they do not include the likely effects of rising NO2 and O3. 
Finally, I expanded the ability to make predictions about future plant 
performance by adding the model annual Arabidopsis thaliana to the open-top 
chamber experiment with factorial combinations of CO2, NO2, and O3.  This 
experiment, discussed in chapter four, provided an opportunity to investigate the 
responses of plant reproduction and phenology, in addition to those of biomass and 
leaf chemistry.  The timing of reproduction is particularly important in annual plants, 
where there is only one opportunity to leave offspring, and the findings of this project 
provide valuable insight about how reproduction and phenology of annual species is 
likely to be altered by the future chemical composition of the atmosphere. 
Together these four chapters provide explanations for the differences in leaf-
level fluxes of NO2 and O3 and uses these findings help explain the effects of these 
gases on growth and carbon storage potential of tree seedlings and reproduction and 
phenology of annuals.  By looking at the effects of NO2 and O3 under current and 
predicted future concentrations of CO2, we are able to make predictions about how 
plant responses will be different in the future and how local air quality will affect 
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future plant performance.  The findings presented here also remind us of the 
importance of species-specific responses and provide a warning about using the effects 
of single-treatment studies to make predictions about plant responses to multiple, 
simultaneous atmospheric changes. 
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Chapter 2 
 
Predicting leaf-level fluxes of O3 and NO2: the relative roles of 
diffusion and biochemical processes 
Abstract: 
Pollutants like O3 and NO2 enter leaves through the stomata and cause damage during 
reactions with components of biological cell membranes. The steady-state flux rates of 
these gases into the leaf are determined by a series of physical and biochemical 
resistances including stomatal aperture, reactions occurring within the cell wall and 
the ability of the leaf to remove the products of apoplastic reactions. In the present 
study, multiple regression models incorporating stomatal conductance, apoplastic and 
symplastic ascorbate concentrations, and nitrate reductase (NR) activities were 
generated to explain the observed variations in leaf-level flux rates of O3 and NO2. 
These measurements were made on the plant Catharanthus roseus (Madagascar 
periwinkle). The best-fit model explaining NO2 flux included stomatal conductance, 
apoplastic ascorbate and NR activity. This model explained 89% of the variation in 
observed leaf fluxes and suggested physical resistances, reaction between NO2 and 
apoplastic ascorbate, and the removal rate of nitrate (generated by reactions of NO2 
and water) from the apoplast all play controlling roles in NO2 flux to leaves. O3 flux 
was best explained by stomatal conductance and symplastic ascorbate explaining 66% 
of the total variation in leaf flux. Both models demonstrate the importance of 
measuring processes other than stomatal conductance to explain steady-state leaflevel 
fluxes of pollutant gases. 
 
Introduction: 
Many pollutants, including ozone (O3) and nitrogen dioxide (NO2) have 
significantly increased in the Earth’s atmosphere and are expected to continue rising 
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(IPCC 2001).  This increase of reactive compounds in the atmosphere has the potential 
to significantly alter plant performance.  Ozone and nitrogen dioxide are both reactive 
oxidants that can react with components of biological systems disrupting function and 
thereby decreasing growth (Greitner et al. 1994).  Further, in the case of NO2, the 
endpoint of the chemistry between the pollutant and the plant is itself a nutrient that 
under certain circumstances can be utilized by the plant (Segschneider et al. 1995). 
Plants are directly affected by pollutants in the atmosphere, but because they 
remove certain compounds from the air, plants also influence the atmospheric 
concentrations of many gases.  The plant uptake of gases such as NO2 and O3 can 
reduce the overall concentration in the atmosphere (Hill 1971; Fowler et al. 1998) and 
potentially alter local air quality.  The flux of NO2 (Morikawa et al. 1998) and O3 
(Fiscus et al. 2005) into plant leaves varies greatly among species, but the basis of this 
variation has not been fully resolved. 
The sensitivity of plant leaves to damage from atmospheric pollution is a 
function of both the rate at which pollutant compounds diffuse through the stomata 
and the rate they are eliminated from the sub-stomatal cavity (Laisk, Kull, and Moldau 
1989; Ramge et al. 1993).  Both O3 and NO2 enter leaves primarily by passing through 
stomata, allowing plants to exert some level of control over the amount of O3 and NO2 
entering the leaf by altering the diffusional resistance of entry (Fowler et al. 1998).  
After entry into the leaf, O3 and NO2 react either with organic material (cell wall 
components, plasma membranes, etc.) or undergo secondary chemistry with 
antioxidant compounds within the cell wall (Chameides 1989; Laisk, Kull, and 
Moldau 1989; Moldau 1998).  One strong, ubiquitous antioxidant often associated 
with oxidant tolerance in plants is ascorbate (vitamin C; Chameides 1989; Cross et al. 
1998; Lyons, Ollerenshaw, and Barnes 1999a).  The apoplastic concentration of 
ascorbate has been shown to increase under O3 exposure (Castillo and Greppin 1988; 
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Ranieri et al. 1996) and higher concentrations of ascorbate have been correlated with 
decreased O3 sensitivity in several species including, snap bean (Burkey 1999; Burkey 
et al. 2000; Burkey, Eason, and Fiscus 2003), common bean (Moldau, Bichele, and 
Huve 1998), broad bean (Turcsanyi et al. 2000), Plantago major (Zheng et al. 2000), 
spinach (Luwe, Takahama, and Heber 1993), and soybean (Lee et al. 1984; Robinson 
and Britz 2000).  Also, the Arabidopsis mutant vtc1, an ascorbate under-producer, 
exhibits greater O3 sensitivity compared to wildtype  (Conklin, Williams, and Last 
1996; Conklin et al. 1997).  Ascorbate is a general antioxidant and is likely to react 
strongly with both O3 and NO2.  Although a number of studies have examined the 
relationship between ascorbate and O3 sensitivity, few have looked at the direct 
relationship between ascorbate and leaf O3 flux rate. 
To effectively protect living plant cell components from the damage caused by 
O3 and NO2, the ascorbate-oxidant reaction would necessarily occur in the cell wall 
(i.e., the apoplastic space) prior to the reactant reaching the living membrane.  
Therefore, resistance to damage caused by gaseous oxidants is dependent upon both 
the size of the ascorbate pool within the apoplastic space and the rate at which that 
pool can be replenished (Plöchl et al. 2000).  When ascorbate in the apoplast reacts 
with an oxidant, it is oxidized and must be transported back into the plant cell to be 
reduced before it can return to the apoplast to again react with oxidants (Smirnoff 
1996; Horemans, Foyer, and Asard 2000; Smirnoff and Wheeler 2000; Heber et al. 
2003).  Therefore, the concentration of ascorbate within the apoplast, where the direct 
reaction occurs, or within the symplast, where the ascorbate is reduced, could be 
related to the steady-state flux of oxidant gases into the leaf. 
The apoplastic reactions involving NO2 and O3 are very different.  In the case 
of NO2, it is known to react with water or ascorbate yielding nitrate or nitrite, 
respectively (Zeevaart 1976; Yoneyama, Hashimoto, and Totsuka 1980; Lee and 
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Schwartz 1981; Rowland, Drew, and Wellburn 1987; Ramge et al. 1993).  Both 
reactions are irreversible and dependent upon the concentration of NO2-/NO3- in 
solution (Remmler and Campbell 1986; Stulen et al. 1998).  Therefore, the rate of 
transport of the products from the cell wall solution to the interior of the cell could 
influence the total flux rate of NO2 at steady state (Ramge et al. 1993).  Many studies 
have found that plants grown under elevated NO2 increase their nitrate reductase 
activity (Zeevaart 1976; Murray and Wellburn 1985; Rowland et al. 1987; Bender, 
Weigel, and Jager 1991; Thoene et al. 1991; Hur and Wellburn 1994; Hufton, Besford, 
and Wellburn 1996) which can be an indication of increased ability to remove nitrate 
from the apoplast.  Measuring the rate of this transport directly is difficult, but the 
activity of the enzyme nitrate reductase is often an indication of this transport capacity 
(Thoene et al. 1991; Hereid and Monson 2001) and is used in this study as a proxy for 
NO3- cellular uptake.  Unlike the apoplastic reactions of NO2, the reactions of O3 
produce no nutritive products.  O3 can react directly with apoplastic ascorbate 
producing dehydroascorbate, water, and oxygen (Chameides 1989) or O3 can react 
with other apoplastic constituents generating other reactive oxygen species (ROS; 
Grimes et al. 1993).  Subsequent ROS products are then destroyed by reactions with 
antioxidants including ascorbate or damage to the plasmamembrane (Lyons et al. 
1999b). 
The focus of this study was to use empirical measurements to develop 
correlative models to describe the flux of O3 and NO2 into plant leaves.  We based our 
empirical measurements on the conceptual model that three basic processes control the 
leaf fluxes of NO2 and O3: 1) diffusional resistances of gas entry into the leaf, 2) 
reactions with chemical components within the leaf cell walls, and 3) the removal of 
the chemical end products within the leaf (Fig. 2.1).  Undoubtedly, some part of the 
leaf flux is defined by the reaction between oxidants and cellular structures within the 
  14
leaf, but these processes are small, likely not sustainable over longer timescales, and 
are not considered in this study. 
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Figure 2.1: Conceptual model describing the processes associated with O3 and NO2 
flux to plant leaves that are included in the correlative model. 
 
For both O3 and NO2, we measured stomatal conductance as an estimate of the 
diffusional resistances to the gases entering the leaf, and the concentrations of 
apoplastic and symplastic ascorbate to infer the reaction rates between the gases and 
chemicals within the leaf cell wall.  For the case of NO2 flux, nitrate reductase activity 
was also measured to estimate the leaf capacity to remove the endpoint products of the 
NO2+water and NO2+ascorbate reactions from the cell wall. 
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The explicit goals of this research were to investigate the relative importance 
of stomatal control and leaf chemistry to the flux of pollutant gases to leaves and then 
to use the results of these investigations to generate correlative leaf uptake models.  
These models provide an empirical test of the importance of ascorbate in the flux of 
O3 and NO2 and help to validate the theoretical models proposed by Chameides (1989) 
and Plöchl et al. (2000). 
 
Methods: 
 
Plant Material and Growth Conditions 
 Catharanthus roseus (Madagascar Periwinkle) was used in this study because 
it had been observed to express leaf ascorbate contents dependent upon ambient light 
conditions during growth.  It exhibits higher ascorbate levels when grown under 
higher light (Eller and Sparks unpublished data).  Twenty plants (original seed stock 
from Trobilabs Inc., Largo, FL, USA) were propagated from cuttings and grown under 
greenhouse conditions with a 12-hour daylength and temperatures of 21/29oC 
(night/day), watered daily, and fertilized with 21-5-20 N-P-K once per week.  The 
plants were grown under these conditions for 4 months before the start of the 
experiment.  Half of the plants were grown under a 75% shade cloth to induce 
differences in ascorbate concentration across individuals. 
 
Leaf O3 and NO2 flux 
 A portable leaf gas exchange system (Model 6400, LiCor, Lincoln, NE) was 
used for all gas exchange measurements.  The system was modified such that trace 
gases could be added to the sample flow before the leaf cuvette.  Sources of O3 or NO2 
were added to the empty cuvette with target concentrations of 65 ppb and 4 ppb for O3 
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and NO2, respectively.  Ozone was measured using a Thermo Environmental 
(Franklin, MA) model 49 U.V. Photometric O3 Analyzer and NO2 was measured using 
an ECO PHYSICS AG (Duernten, Switzerland) CLD 770 AL ppt with a PLC 760 
photolytic converter.  Fluxes were calculated using the difference in partial pressure 
between an empty (Ca) and a leaf-filled cuvette (Cl).  Stomatal conductance was 
recorded when Cl was stable (coefficient of variation < 5%).  Positive fluxes were 
defined as fluxes into the leaf; negative fluxes as emissions from the leaf. 
 Leaf fluxes (J) of NO2 and O3 were calculated as:  
 
A
CCf
J ia
)(*      
 (1) 
 
where f is the flow rate through the cuvette (µmol s-1) and A is the leaf area enclosed 
within the cuvette (m2).  Ca – Cl is the difference in gas partial pressure between the 
empty and leaf-filled cuvette, expressed in nmol mol-1.  After measurement, the leaf 
was removed from the cuvette, excised, and immediately used in the apoplastic 
ascorbate extraction, nitrate reductase assay, or frozen at -80 oC. 
 
Extraction of Apoplastic Fluid 
 The method of extracting the apoplastic fluid was based on a modified version 
of the method described by Luwe and Heber (1995).  Immediately following the gas 
exchange measurement, the leaf was cut along the midrib with a razor blade, separated 
into two halves, and the cut surfaces rinsed with deionized water (this procedure was 
tested against uncut leaves and no significant differences in apoplastic ascorbate 
concentration or nitrate reductase content were found).  One half of the leaf was used 
for the apoplastic fluid extraction and the other half was immediately used in the 
  17
nitrate reductase assay.  The leaf was weighed, then placed in a 15 mL test tube filled 
with 2% metaphosphoric acid 2mM EDTA buffer and vacuum infiltrated.  The leaf 
and buffer were placed under 80 kPa of vacuum pressure for 30 seconds, then released 
from the vacuum for 30 seconds.  The cycle was repeated 3 times or until the leaf was 
fully infiltrated with buffer.  As leaves became infiltrated, there was a distinct change 
in color as the leaf became dark green and translucent.  The infiltration process was 
repeated until the entire leaf had undergone this change in color.  The infiltrated leaf 
was then placed into a small funnel attached to an eppendorf tube containing 50 µl of 
EDTA buffer.  The combination of the leaf funnel and eppendorf tube were then 
placed in a conical tube and centrifuged at 4000 RPM for 10 minutes.  This process 
forced the apoplastic fluid out of the leaf and into the eppendorf tube where it was 
collected.  The apoplastic fluid and the leaf tissue were then separately frozen in liquid 
nitrogen and stored at -80 oC until assayed for ascorbate content. 
 
Ascorbate Assay 
 Leaf tissue (post leaf apoplastic fluid extraction) was ground in 1 mL of 2% 
metaphosphoric acid 2mM EDTA buffer and centrifuged at 13,000 RPM for 10 
minutes.  The supernatant (symplastic extract) was collected and frozen at -80 ˚C. 
 The assay of ascorbate in both apoplastic and symplastic fractions followed the 
procedure of Rao and Ormrod 1995 and Conklin et al. 1996 with the modifications 
outlined below.  A room-temperature reaction mixture of 500 µL 0.2 M Sodium 
Phosphate buffer (pH 5.6), 270 µL sterile H2O, 20 µL 0.5M HEPES-KOH (pH 7.5), 
and 20 µL 200mM DTT were mixed for each sample.  The symplastic extract was 
neutralized by adding 60 µL of 10% Sodium Citrate to 90 µL of extract and the 
apoplastic fluid was neutralized by adding 60 µL of 10% Sodium Citrate to 40 µL of 
apoplastic fluid.  One hundred µL of each neutralized sample was then placed on ice. 
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 Absorbance of each sample was measured at 265 nm using a 
spectrophotometer (Beckman, DU 640).  Immediately before measuring absorbance, 
the neutralized sample was mixed with the reaction mixture to reduce all of the 
ascorbate in the sample.  The absorbance was read at 265 nm, then 10 µL of ascorbate 
oxidase (0.4/U µl) was added to oxidize all the ascorbate and the sample absorbance 
was read a second time.  The difference in absorbance between the reduced and 
oxidized samples was compared to a standard curve to determine the concentration of 
ascorbate in the sample expressed in µmol g-1 fresh weight.  The standard curve was 
prepared using purified ascorbic acid (Sigma, St. Louis, MO, USA). 
 
Nitrate Reductase Assay 
 Nitrate reductase activity was measured using a procedure modified from 
Jones, Tucker, and Ort 1998.  One half of each leaf exposed to NO2 was vacuum 
infiltrated in 10 mL of incubation buffer [0.1M potassium phosphate (pH 7.4), 0.05M 
KNO3, 1% v/v propanol] then incubated for 30 minutes in a dark shaking water bath at 
30 oC.  Following incubation, 100 µL of incubation buffer was diluted with 400 µL 
H2O,  then mixed with 250 µL 1% sulfanilic acid in 1.5M HCl followed by 250 µl of 
color development agent [N-(1-naphthyl)ethylenediame-HCl (200mg/L)].  At least 20 
minutes were allowed for the color development reaction, then absorbance of the 
sample was measured at 540 nm using a spectrophotomer (Beckman DU 640).  The 
samples were compared to a standard curve generated using a stock solution of KNO3. 
 
Statistical Analysis 
 The SAS/STAT software (version 8 for Windows, copyright SAS Institute Inc. 
Cary, NC, USA) was used in all statistical analyses.  Multiple linear regression models 
were constructed using stomatal conductance, apoplastic ascorbate concentration, 
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symplastic ascorbate concentration, and nitrate reductase activity (for NO2 only) to 
explain variation in leaf O3 and NO2 fluxes.  The r2 selection method was used to 
choose the combination of predictors that resulted in the best multiple regression 
models explaining O3 and NO2 flux. 
 
Results: 
NO2  
 Single linear regressions were used to test stomatal conductance, apoplastic 
ascorbate concentration, symplastic ascorbate concentration, and nitrate reductase 
activity as potential predictors of NO2 flux to the leaves of C. roseus.  Each of the 
predictors had a significant (p < 0.05) positive relationship with NO2 flux.  When the 
strength of each predictor was tested singly, stomatal conductance explained 84% of 
the variation in NO2 flux, while nitrate reductase activity, apoplastic ascorbate, and 
symplastic ascorbate explained 37, 56, and 43% respectively (Fig. 2.2). 
Using the R-squared model selection technique it was found that the flux rate 
of NO2 was best explained by a multiple regression model containing stomatal 
conductance, nitrate reductase activity and apoplastic ascorbate concentration (Table 
2.1).  Symplastic ascorbate did not explain any additional variation in the model.  The 
multiple linear regression model containing these three predictors explained 89% of 
the variation in NO2 flux.  All three predictors were positively correlated with flux and 
the y-intercepts were negative. 
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Figure 2.2: Relationships between leaf NO2 flux and conductance (mol H2O m-2 s-1) 
(p < 0.0001), nitrate reductase activity (µmol KNO2- g FW-1 h1) (p = 0.0095), 
apoplastic ascorbate concentration (µmol g FW-1) (p = 0.0002), and symplastic 
ascorbate concentration (µmol g FW-1) (p = 0.0022). 
 
Table 2.1: Results of the best fit multiple regression model for NO2 flux into the leaf. 
Symplastic ascorbate concentration did not explain additional variance and was not 
included in the final model formulation.  The variables included in the model are 
stomatal conductance (mol H2O m-2 s-1) nitrate reductase activity (µmol KNO2- g FW-1 
h1), and apoplastic ascorbate concentration (µmol g FW-1). 
 
 
Multiple Regression Model for NO2 Flux: 
Flux = 1.982x1 + 0.00060x2 + 0.134x3 + -0.182 
 
Overall Model 
    
Model Components 
x1 = Conductance 
x2 = Nitrate Reductase Activity 
x3 = Apoplastic Ascorbate 
F-value          P-value           R2  
35.28            < 0.0001         0.89 
 
 
95.99            < 0.0001 
2.85                 0.1151 
7.00                 0.0202 
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Partial residual plots were generated to determine how much of the variation in 
NO2 flux was explained by each predictor after accounting for the effects of the other 
two predictors.  All three predictors had a strong relationship with the residuals of the 
partial models, indicating that they each add explanatory power to the overall model.  
Stomatal conductance explained 34% of the variation that remained after accounting 
for leaf chemistry (apoplastic ascorbate and nitrate reductase activity).  Ten percent of 
the variation in NO2 flux that remained after accounting for stomatal conductance and 
apoplastic ascorbate was explained by nitrate reductase activity.  Apoplastic ascorbate 
concentration explained 22% of the residual variation remaining after considering 
stomatal conductance and nitrate reductase (Fig. 2.3). 
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Figure 2.3: Partial residual plots for the predictor variables included in the multiple 
regression model explaining NO2 flux. (A) the correlation of conductance (mol H2O 
m-2 s-1) (p = 0.015) and the residuals of the model describing NO2 flux with nitrate 
reductase activity and apoplastic ascorbate concentration.  (B) the correlation of nitrate 
reductase activity (µmol KNO2- g FW-1 h1) (p = 0.210) and the residuals of the model 
describing NO2 flux with conductance and apoplastic ascorbate concentration. (C) 
correlation between apoplastic ascorbate concentration (µmol g FW-1) (p = 0.057) and 
the residuals of the model describing NO2 flux with conductance and nitrate reductase 
activity. 
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O3 
 The examined predictors of O3 flux were stomatal conductance, apoplastic 
ascorbate, and symplastic ascorbate.  Singly, stomatal conductance, symplastic 
ascorbate, and apoplastic ascorbate were each significantly (p < 0.05) and positively 
correlated with O3 flux and explained 56, 39, and 25%, respectively, of the variation in 
leaf O3 flux (Fig. 2.4). 
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Figure 2.4: Relationship between the flux of O3 and conductance (mol H2O m-2 s-1) (p 
< 0.0001), symplastic ascorbate concentration (µmol g FW-1) (p = 0.0088), and 
apoplastic ascorbate concentration (µmol g FW-1) (p = 0.0338). 
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Similar to the NO2 analysis, the R-squared selection method was used to 
determine the best fit multiple-linear regression model.  The best overall model 
explained 66% of the variation in O3 flux and included stomatal conductance and 
symplastic ascorbate concentration.  As others have found (Noctor and Foyer, 1998), 
apoplastic ascorbate accounted for ~10% of the total ascorbate in the leaf, and did not 
explain any additional variation in the combined model.  Both stomatal conductance 
and symplastic ascorbate were positively correlated with O3 flux and the y-intercept 
was positive (Table 2.2). 
 
Table 2.2: Results of the best fit multiple regression model for the flux of O3 into the 
leaf. Apoplastic ascorbate concentration did not explain any additional variance and 
was not included in the model. The variables included in the model are stomatal 
conductance (mol H2O m-2 s-1) and symplastic ascorbate concentration (µmol g FW-1) 
 
Best Multiple Regression Model for O3 Flux: 
Flux = 18.846x1 + 0.272x2 + 1.933 
 
Overall Model 
    
Model Components 
x1 = Stomatal Conductance 
x2 = Symplastic Ascorbate 
F-value          P-value           R2  
14.74               0.0003          0.66 
 
 
25.59            < 0.0001 
3.89                 0.0674 
 
Partial residual plots show that both stomatal conductance and symplastic 
ascorbate explain a significant portion of the flux of O3 into leaves even after 
accounting for the effect of the other predictor.  Stomatal conductance explained 34% 
of the variation remaining after symplastic ascorbate was included in the model.  
Symplastic ascorbate explained 16% of the variation that was not explained by 
stomatal conductance (Fig. 2.5). 
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Figure 2.5: Partial residual plots for the predictor variables included in the multiple 
regression model explaining O3 flux.  (A) the correlation between conductance (mol 
H2O m-2 s-1) (p = 0.012) and the residuals of the model describing O3 flux with 
symplastic ascorbate concentration.  (B) the correlation of symplastic ascorbate 
concentration (µmol g FW-1) (p = 0.096) and the residuals of the model describing O3 
flux with conductance. 
 
Discussion 
The regression model including stomatal conductance, apoplastic ascorbate, 
and nitrate reductase activity explained 89% of the variation in NO2 flux, making it a 
robust predictive model.  This supports the initial conceptual model (Fig. 2.1) and 
suggests that three resistances (i.e., stomatal aperture, apoplastic antioxidant reactions, 
and removal of end products from the apoplast) largely control the influx of NO2 into 
the leaf. 
Our findings agree with others that stomatal conductance is the dominant 
controller of NO2 flux (Hanson and Lindberg 1991; Hargreaves et al. 1992; Duyzer 
and Fowler 1994), but not that it is the only predictor.  Others have suggested that 
there is a mesophyllic resistance to NO2 flux (Thoene et al. 1991; Thoene, 
Rennenberg, and Weber 1996; Hereid and Monson 2001; Sparks et al. 2001; Gut et al. 
2002; Teklemariam and Sparks 2006), but have not identified that resistance.  In the 
  25
mathematical model by Ramge et al. (1993), apoplastic ascorbate concentration was 
proposed as the primary component of the mesophyllic resistance, and this study 
provides empirical data supporting that model.  While many have found a relationship 
between elevated NO2 and increased nitrate reductase activity (Zeevaart 1976; Murray 
and Wellburn 1985; Rowland et al. 1987; Bender et al. 1991; Thoene et al. 1991; Hur 
and Wellburn 1994; Hufton et al.  1996), this is the first to demonstrate that nitrate 
reductase activity is directly correlated with the flux rate of NO2 into leaves.  
The relatively simple statistical model produced in this study robustly 
describes the variation of NO2 leaf fluxes observed in C. roseus.  Also, there is 
evidence that this model can reasonably extrapolate beyond the range of data observed 
in this study.  For example, other studies have reported an emission of NO2 that is only 
detectable when the atmospheric NO2 concentration is below the compensation point 
(Rondon and Granat 1994; Weber and Rennenberg 1996; Hereid and Monson 2001; 
Sparks et al. 2001).  The negative y-intercept of the model generated here suggests an 
emission of NO2 of a similar magnitude to that observed in other studies (Table 2.1). 
Antioxidant compounds such as ascorbate, if located in the plant cell wall, may 
act as the first line of defense protecting cell membranes from oxidants that have 
entered leaves (Moldau 1998).  As mentioned earlier, after apoplastic ascorbate is 
oxidized by NO2, it is no longer able to react with oxidants and must be transported 
back into the plant cell where it can be reduced and returned to the cell wall to 
participate in further NO2 reactions (Smirnoff 1996; Smirnoff and Wheeler 2000).  
Therefore, depending upon the ambient oxidant concentrations and time of exposure, 
the standing pool of apoplastic ascorbate or the ability of local cells to replenish this 
pool may both be correlated to leaf flux.  Ultimately, the rate of apoplastic pool 
replenishment may control how much of the steady-state flux into the leaf is related to 
ascorbate concentration.  During the present study, we observed for C. roseus under 
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relatively short exposures (< 10 min.), apoplastic ascorbate concentration was a 
stronger predictor of NO2 flux than symplastic ascorbate (Fig. 2.2) suggesting that the 
pool of ascorbate in the apoplast was not completely oxidized at ambient NO2 
concentrations of 4 ppb. 
Nitrate reductase (NR) reduces nitrate within the cytosol and may be a good 
indicator of the rate of removal of nitrate from the cell wall (Srivastava and Ormrod 
1989).  Its significance in the model suggests that, under some circumstance, the rate 
of NO3- removal from the cell wall influences the steady-state leaf NO2 flux.  This 
observation is in general agreement with prior measurements that found gross 
correlations between NO2 fumigation and leaf NR activity or leaf NO2 flux and bulk 
leaf nitrogen content where the authors suggested a controlling role of NR in steady-
state leaf NO2 flux (Thoene et al. 1991; Ramge et al. 1993; Hufton et al. 1996; Weber 
and Rennenberg 1996; Hereid and Monson 2001).  Nitrate reductase activity is 
variable across plant species and these differences may help to explain the wide 
variation in uptake rates of NO2 observed in other studies (Morikawa et al. 1997; 
Morikawa et al. 1998).  Plants with higher nitrate reductase activities may express 
higher uptake rates especially at higher NO2 concentrations where the cell wall may 
become saturated with NO3-/NO2-. 
Assuming this model is representative of species beyond C. roseus, it could be 
used to improve NO2 uptake models based solely on stomatal conductance.  Several 
studies (Saxe 1986; Thoene et al. 1991; Rondon, Johansson, and Granat 1993; Weber 
and Rennenberg 1996; Hereid and Monson 2001) have shown a linear relationship 
between stomatal conductance and NO2 uptake within single plant species.  However, 
the magnitude of NO2 uptake at a particular conductance varies widely between 
species (Morikawa et al. 1997; Morikawa et al. 1998).  The differences in uptake 
independent of stomatal conductance are likely associated with mesophyllic processes 
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like those examined in this study.  Therefore, using data like those presented here will 
allow us to modify existing stomatal algorithms using species specific physiology data 
(e.g., Ramge et al. 1993). 
 In contrast to NO2, we found only 66% of O3 flux was explained by a multiple 
regression considering stomatal conductance and symplastic ascorbate.  Our model 
predictions disagree with previous studies suggesting stomatal conductance can 
explain nearly all of the variation observed in O3 fluxes to plant leaves (Gut et al. 
2002; Wieser et al. 2003; Dittmar et al. 2005).  When considered alone, we found 
stomatal conductance explains only 56% of the variation in O3 leaf flux suggesting 
other factors play a strong and controlling role. 
The model proposed by Chameides (1989) suggested that, at a constant 
stomatal conductance, apoplastic ascorbate is the dominant control over the magnitude 
of O3 reaching the cell membrane.  The findings of the present study support the 
general hypothesis that ascorbate plays an important role in the rate of leaf O3 flux 
(Fig. 2.4).  However, we found that symplastic ascorbate was a stronger predictor than 
apoplastic ascorbate.  Other studies have suggested that apoplastic ascorbate 
concentration may be too low to protect leaves from O3 damage (Luwe and Heber 
1995; Kollist et al. 2000; Van Hove et al. 2001; Sanmartin et al. 2003; D'Haese et al. 
2005).  The significance of symplastic ascorbate as a predictor of O3 flux suggests that 
the ability of a plant to regenerate apoplastic ascorbate is more important than the 
absolute concentration of apoplastic ascorbate.  As the apoplastic ascorbate reacts with 
O3 it becomes oxidized and must be transported to the symplast to be regenerated 
before it can undergo further reactions with O3.  The concentration of ascorbate in the 
symplast may indicate the rate at which ascorbate can be returned to the apoplast and 
exerts significant control over the steady-state fluxes of O3. 
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We found that stomatal conductance and ascorbate alone were not enough to 
adequately predict O3 flux as had been suggested in previous studies (Plöchl et al. 
2000; Turcsanyi et al. 2000). There are three factors that are not considered in our 
conceptual model that may play a role in controlling O3 flux to leaves.  The first is the 
reaction of O3 directly with the leaf surface.  Stomatal conductance explains a large 
portion of the variation in O3 flux, but the positive y-intercept of the model (Table 2.2) 
implies O3 reacts directly with the leaf surface, a process that has been observed in 
other studies (Fowler et al. 1998; Gut et al. 2002).  The second factor is the presence 
of antioxidant chemicals in the cell wall other than ascorbate.  It is likely other 
antioxidants exist in the apoplast that readily react with ozone.  For example, 
glutathione is a compound that others have suggested is related to ozone sensitivity 
(Guri 1983; Burkey et al. 2000; Chernikova et al. 2000).  Finally, no estimates of leaf 
internal surface areas were made in this study.  This was reasonable because this study 
addresses uptake in only one plant species and the internal surface area is likely to be 
similar among leaves of similar age and size.  However, variation in O3 flux across 
plant species will be influenced by differences in the relationship between leaf internal 
volume per unit leaf external area (Ranieri et al. 1996; Lyons et al. 1999b; Ranieri et 
al. 1999; Plöchl et al. 2000). 
These models serve two important purposes.  First, the models presented here 
show that while stomatal conductance is the dominant controller of O3 and NO2 leaf 
flux, it alone is not sufficient to predict these fluxes.  We must also account for 
apoplastic reactions and the removal of compounds produced in those reactions.  
Second, these models provide empirical data that can be used to parameterize 
mathematical models and generate more accurate predictions of leaf-level O3 and NO2 
fluxes.  Future work should focus on modifying existing stomatally-based canopy 
models to incorporate leaf biochemical information. 
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Chapter 3 
Responses of sugar maple and eastern hemlock seedlings to 
increasing carbon dioxide, nitrogen dioxide, and nitrate 
Abstract 
 Various human-induced changes to the atmosphere have caused carbon dioxide 
(CO2), nitrogen dioxide (NO2), and nitrate deposition (NO3-) to increase in many 
regions of the world.  The goal of this study was to examine the simultaneous 
influence of these three factors on tree seedlings.  We used open-top chambers to 
fumigate sugar maple (Acer saccharum) and eastern hemlock (Tsuga canadensis) with 
ambient or elevated CO2 and NO2 (760 ppm and 40 ppb, respectively).  In addition, 
we applied an artificial wet deposition of 30 kg ha-1 yr-1 NO3- to half of the open-top 
chambers.  After two growing seasons, hemlocks showed a stimulation of growth 
under elevated CO2, but the addition of either elevated NO2 or NO3- eliminated this 
effect.  In contrast, sugar maple seedlings exhibited no growth enhancement under 
elevated CO2 alone, decreased growth in the presence of either NO2 and/or NO3-, and 
the combined treatments of elevated CO2 and increased NO2 and/or NO3- were similar 
to control plants.  Elevated CO2 induced changes to the leaves of both species 
including, decrease specific leaf area, decreased % N, and increased C:N.  The effects 
of elevated CO2, NO2, and NO3- on growth were not additive and treatments that 
singly had no effect often modified the effects of other treatments.  The growth of both 
maple and hemlock seedlings under the full combination of treatments (CO2 + NO2 + 
NO3-) was similar to that of seedlings grown under control conditions, suggesting that 
models predicting increased seedling growth under future atmospheric conditions may 
be overestimating the growth and carbon storage potential of young trees.  This study 
highlights the importance of using the simultaneous application of multiple treatments 
rather than relying on additive models using single treatment responses. 
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Introduction 
To predict the effects of future atmospheric change on plants, most studies 
examine only single factors.  This is a logical way to begin, but once single treatment 
responses have been established, it is important to conduct multi-factor experiments.  
When plants are exposed to simultaneous treatments, the responses are not always 
what would have been predicted from single-treatment studies.  Here we used a 
factorial design to examine the single and combined effects of elevated carbon dioxide 
(CO2), gaseous nitrogen dioxide (NO2) and the soil deposition of nitrate (NO3-).  We 
used this approach to explore instances where the combination of treatments may not 
be simply additive and to better predict how plants are likely to respond to changes in 
future atmospheric composition. 
There is general scientific concensus that human activities, particularly the 
burning of fossil fuels, are changing the chemistry of Earth’s atmosphere and 
increasing the global emissions of CO2 and reactive nitrogen.  CO2 emissions have 
increased 80% since 1970, and the global CO2 concentration is increasing by 1.9 ppm 
per year (IPCC 2007).  Between 1860 and 2000, the total amount of reactive nitrogen 
produced by human processes increased from 15 to 165 Tg N yr-1 with reactive 
nitrogen from fossil fuel burning increasing from 1 Tg N yr-1 to 25 Tg N yr-1 
(Galloway et al. 2003). 
Reactive nitrogen in the atmosphere can be deposited to the biosphere via 
either wet or dry deposition.  In the focus region of this study, northern lower 
Michigan, about 60% of the total wet deposition of nitrogen is in the form of NO3- 
(Pregitzer et al. 2008).  In 2004 and 2005, NO3- deposition throughout the Midwestern 
United States ranged from 11-18 kg ha-1 yr-1 (National Atmospheric Deposition 
Program, NADP http://nadp.sws.uiuc.edu), but some of the highest nitrogen 
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deposition sites in Europe receive as much at 60 kg N ha-1 yr-1 (MacDonald et al. 
2002). 
Nitrogen dioxide is one component of dry deposition that is increasing locally 
along roadways and around point sources.  In the Northeastern United States, about 
50% of the NOx (NO2 + NO) emissions come from vehicle emissions and another 25% 
come from production of electricity.  In urban areas in the United States, the 
concentration of NO2 is typically 10-45 ppb (NASA Visible Earth 
http://visibleearth.nasa.gov) and 22-45% of Europeans living in urban environments 
now experience background NO2 levels above 20 ppb (© EEA, Copenhagen, 2008). 
Many studies have looked at the influence of elevated CO2 on plant gas 
exchange and growth of plants.  Several review papers report that the majority of 
elevated CO2 studies find an increase in photosynthesis (at least initially) and a 
decrease in stomatal conductance in response to elevated CO2 (Ainsworth and Long 
2005, Norby et al. 1999, Curtis and Wang 1998), although the magnitude of the 
variation in percent change was dependent on the functional group of the plants and 
growing conditions in the study (Ainsworth and Long 2005).  The observed increase 
in photosynthetic rates typically leads to an increase in above-ground biomass 
(Ainsworth and Long 2005, Norby et al. 1999, Curtis and Wang 1998) with the 
exception of plants whose growth is limited by nutrients (Curtis and Wang 1998, Oren 
et al. 2001) or water (Housman et al. 2006). 
In addition to alterations in gas exchange and growth, CO2 has been shown to 
alter the elemental ratios of tissues and the allocation of biomass within the plant.  In 
particular, most studies find that elevated CO2 decreases the %N of leaf material 
(Curtis and Wang 1998, Norby et al. 1999, Ainsworth and Long 2005) leading to an 
increase in the ratio of carbon to nitrogen in plant biomass (C:N).  Because elevated 
CO2 provides more carbon substrate for photosynthesis and increases the C:N of 
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leaves, many researchers have hypothesized plants should increase allocation to roots 
because the extra carbon will increase the limitation by other nutrients.  However, few 
studies have actually seen this effect (Curtis and Wang 1998, Norby et al. 1999). 
Wet deposition of NO3- can affect photosynthesis and growth in two opposing 
ways.  Since nitrogen is limiting in many forested ecosystems (Vitousek and Howarth 
1991), wet deposition of NO3- can alleviate nitrogen limitation causing an increase in 
foliar N content (e.g. Fenn 1998, Magill et al. 2000, Boggs et al. 2005) and overall tree 
growth (Pregitzer et al. 2008).  However, long-term high deposition of N can lead to 
nitrogen saturation.  This occurs when there is an excess of nitrogen in the ecosystem 
such that it affects the balance of soil processes and leads to depletion of base cations 
(particularly calcium and magnesium), and acidification of the soil (Fenn 1998).  This 
process leads to a decline in plant growth and can increase tree mortality (e.g. 
McNulty et al. 1996). 
Increased gaseous NO2 in the atmosphere can be directly incorporated through 
the foliage and can theoretically increase or decrease photosynthesis and growth 
(Sparks 2009).  When NO2 enters plant leaves it disproportionates into nitrate and 
nitrite (Rennenberg and Geβler 1999, Siegwolf et al. 2001) and has been shown to 
contribute nitrogen to the formation of plant tissue, suggesting that plants can use it as 
a source of nitrogen (Vallano and Sparks 2007).  Siegwolf et al. 2001 found a 
significant increase in biomass under 100 ppb NO2 and as much as 15% of a plant’s 
nitrogen can come from NO2 (Vallano and Sparks 2007).  Like increasing NO3- 
deposition, it is expected that in a nitrogen limited system, elevated NO2 could 
stimulate plant growth.  However, NO2 is also an oxidant and when it enters plant 
leaves it has the potential to react with cell membranes and damage internal cellular 
structures.  At very high concentrations of NO2, investigators have found reduced 
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plant growth (Rowland et al. 1985) and increased mortality (Strivastava et al. 1992, 
Qiao and Murray 1997) although the responses tend to be species-specific. 
When elevated CO2 is combined with nitrogen, the increase in photosynthesis 
and total biomass can be greater than the sum of the two single treatments (Oren et al. 
2001).  Increased nitrogen is likely to increase the %N of the leaf tissue, which may 
counteract the effect of CO2.  Increased nitrogen may also decrease the allocation of 
biomass to the roots if the plant can get the same nutrients from a smaller soil volume 
(Zak et al. 2000).  If NO2 doesn’t cause oxidative damage, then it may provide an 
additional source of nitrogen and the plant responses may be similar to the responses 
to increased NO3-. 
In this study, we examined the single and combined effects of elevated CO2, 
NO2, and increased wet deposition of NO3- and predicted the following combinatorial 
responses: 
 
1)  Additional N as either NO2 or NO3- will increase growth under elevated CO2 
by alleviating N limitation. 
 
2)  Elevated CO2 will decrease the effects of NO2 as a result of decreased stomatal 
conductance limiting NO2 entry into leaves. 
 
3)  The effects of NO2 will be less pronounced under increased NO3- because the 
magnitude of additional N from NO2 will be small compared with that from 
NO3-. 
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Methods 
Site description: 
This study was conducted in an open field at the University of Michigan 
Biological Station near Pellston, MI USA (45°33′14″N 84°47′4″W).  Over the two 
year study period, the average high and low June-August temperatures at the site were 
23 and 13o C, respectively.  In order to reduce the ambient light level and approximate 
the understory environment, a shade cloth was erected over the entire site, reducing 
the incoming light by 50%.  The shade cloth was porous and allowed at least some 
natural precipitation to pass.  The total summer precipitation in 2004 and 2005 was 
20.7 and 27 cm, respectively, and experimental plants were watered every three days 
(if there was no natural precipitation) to avoid drought stress. 
 
Plant material and chambers: 
Bare-rooted seedlings of hemlock (Tsuga canadensis) and sugar maple (Acer 
saccharum) seedlings were purchased from Pikes Peak Nursery (Penn Run, PA).  The 
seedlings were 3-5 years old and 45-60 cm tall when planted into the experiment in 
May 2004. 
Rootboxes were prepared by drilling approximately 30 2.5 cm holes into the 
bottoms of 160 plastic storage tubs (volume = 0.16 m3).  The boxes were buried so 
that the top of each box was level with the surrounding soil surface and the boxes were 
filled with sand and covered with 10 cm of topsoil (both from local sources).  This 
sand/soil layering mimicked the soil structure in the surrounding forests. 
Two seedlings of each species were randomly assigned to each rootbox and 
inoculated with 50 cm3 of forest topsoil removed from a predominantly sugar maple or 
hemlock stand to establish a microbial community similar to that of the local forests.  
In May 2004, two rootboxes were placed under each chamber and in September one 
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box from each chamber was harvested.  In May 2005, the harvested rootboxes were 
replanted with new seedlings resulting in cohorts of single-season and two-season 
seedlings harvested in 2005. 
One flow-through open-top chamber (0.8m x 0.8m x 1m) was placed over each 
pair of rootboxes.  The chamber frames were made of 1/2 inch PVC pipe and the 
frames were wrapped with transparent 0.8 mm PVC film.  Fans encased in metal 
blower boxes were connected to a perforated ring of PVC that was placed at the 
bottom of the chamber.  The bulk flow from the blower box through the chamber was 
600-700 lpm resulting in a turnover time of less than two minutes.  A smoke test 
showed that the chambers became fully mixed in less than 10 seconds. 
The chambers were assigned to a block (ten total blocks) based on their 
location in the field in order to minimize the effects of possible light, wind, and 
moisture differences across the field.  Within each block, each chamber was randomly 
assigned one of the eight possible treatment combinations, for a total of 80 chambers. 
 
Treatments: 
Carbon dioxide was purchased from Airgas (Charlevoix, MI) as a liquid and 
NO2 was purchased in 10,000 ppm tanks from Scott-Marin Specialty Gas (Riverside, 
CA).  The gas from each tank was delivered to a manifold block where it was split into 
40 lines and the flow of each line was controlled by a needle valve and flowmeter 
(Aalborg, Orangeburg, NY).  Each needle valve controlled the flow of either CO2 or 
NO2 to a single chamber.  Opaque black Teflon (PTFE) tubing was used for all NO2 
lines and Poly Flo tubing (J.F. Good Company, OH) was used for CO2 lines.  Return 
lines placed in each chamber were used to bring air from the chamber to a solenoid 
system that automatically sampled each chamber every 4 hours.  An infrared gas 
analyzer (LiCor 6252, Lincoln, NE, USA) was used for analysis of CO2 concentration 
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and a chemiluminescence analyzer (EcoPhysics CLD 760, Switzerland) fitted with a 
NO2 converter (Ecophysics, PLC 660, Switzerland) was used for measurement of NO2 
and NO concentrations.  Both analyzers were calibrated weekly using sequential 
dilution of certified calibration tanks (Scott-Marrin Specialty Gas, Riverside, CA). 
In 2004, the elevated CO2 treatment began 20-June and the NO2 treatment 
began 10-July.  Both treatments were ended on 15-September, 2004.  In 2005, 
elevated CO2 and NO2 treatments began on 13-June and ended 22-August.  Elevated 
CO2 chambers were set to 760 ppm CO2, elevated NO2 chambers received 40 ppb 
NO2, and the treatments were applied between 7 am and 7 pm daily.  The 
concentration of each gas in each chamber was checked daily and adjusted to the 
target if needed.  The NO concentration in elevated NO2 chambers was typically 3-
7ppb.  The ambient CO2 concentration was 365 ppm and ambient NO2 and NO 
concentrations were both < 1 ppb.  Three times each summer the ozone concentration 
in each chamber was measured and we found that the addition of NO2 did not increase 
ozone levels above ambient. 
Half the chambers were given additional soil nitrogen in the form of NaNO3 at 
a rate of 30 kg N ha-1 yr-1.  Each year, solid fertilizer was applied and immediately 
watered in four times at two week intervals beginning 22-June in 2004 and 14-June in 
2005. 
 
Photosynthesis measurements: 
 The Li-Cor 6400 portable gas exchange system (Li-Cor, Lincoln, NE) was 
used for all gas exchange measurements.  Photosynthesis and stomatal conductance 
were measured in July and August during both years, however, only the maple 
seedlings that were planted in 2004 were measured.  As a result, the gas exchange data 
for the single season treatment was collected in 2004 on seedlings planted in 2004.  
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The second season data was collected on the same seedlings in 2005. In all other 
cases, the data presented for seedlings after one growing season are from seedlings 
that were planted and harvested in 2005. 
 Both photosynthesis and stomatal conductance were measured at two CO2 
concentrations for each seedling.  First, each seedling was measured at the CO2 
concentration under which it was growing (i.e. seedlings grown under ambient CO2 
were measured at 380 ppm CO2 and those grown under elevated CO2 were measured 
at 760 ppm CO2) and then each seedling was measured at 760 ppm.  We used the first 
measurements to look for absolute differences in gas exchange.  The second 
measurements were used to look for acclimation of photosynthesis and stomatal 
conductance to elevated CO2 by comparing the data collected on plants grown under 
elevated CO2 to plants grown at ambient CO2 and instantaneously exposed to elevated 
CO2. 
 
Growth and Allocation Measurements: 
At the time of planting, ten seedlings of each species were harvested and the 
height, stem diameter, and total dry biomass were measured.  A multiple linear 
regression model was developed using height and stem diameter to predict initial dry 
biomass and create an estimate of the initial dry biomass for each seedling planted in 
the study.  Estimated initial biomass was used as a covariate in all subsequent analyses 
of biomass. 
In September 2005, all seedlings were harvested by removing the rootboxes 
from the ground and placing the soil and seedlings onto a 2 mm mesh screen to rinse 
soil from the roots.  Once clean, the roots, stems, and leaves were separated, the roots 
frozen, and the leaves pressed.  The hemlock twigs were clipped at the most recent 
bud scar so that the biomass generated in 2005 was separated from the rest of the 
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biomass.  The separated seedlings were transported to Cornell University in Ithaca, 
NY where the roots were thawed and separated into three diameter size classes: <1 
mm, 1-2 mm, and >2 mm.  All plant tissues were dried for three days at 50 oC and 
weighed to determine dry mass [the same procedure was used to harvest plants in 
2004 (data not shown)]. 
Total leaf area of maple seedlings was determined using a leaf area meter (LI-
3100, Li-Cor Lincoln, NE).  Leaf area was divided by total leaf biomass to determine 
specific leaf area (SLA).  To determine hemlock leaf area, a photographic method was 
used and only leaves produced during the second growing season were measured.  A 
white piece of paper was placed on a black cloth and a subset of hemlock needles was 
laid out on the paper and a photograph of the paper was taken. Using Adobe 
Photoshop software (Adobe Systems Inc. San Jose, CA) every pixel was changed to 
black or white, so that the piece of paper was entirely white pixels and the leaves on 
the paper were entirely black pixels.  By selecting the piece of paper and using the 
“histogram” function, the program determined the percent of the pixels within the 
piece of paper that were black; indicating the percent of the area of the paper covered 
with leaves.  The photographed leaves were then weighed to determine specific leaf 
area. 
Dried leaf tissue was ground and percent C and N determined using an 
Elemental Analyzer (ThermoFinnegan, FlashEA 1112, Pittsburg, PA). 
 
Statistical Analysis: 
In this randomized block design there were 10-20 replicates of each species in 
each treatment depending on seedling mortality.  Most seedling mortality occurred 
shortly after being transplanted to the field and was not related to treatment (data not 
shown).  Treatment means were compared using mixed model ANOVA and 
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ANCOVA techniques with pairwise comparisons.  All of the analyses of mass 
included estimated initial biomass as a covariate and were transformed by taking the 
square root in order to eliminate increasing variance in the residuals.  All statistical 
analyses were completed using SAS statistical software (SAS Institute Inc., SAS 
Version 9.1.3, Cary, NC) and figures were generated in SigmaPlot (SPSS Science, 
Chicago, IL). 
 
Results 
Biomass: 
 Elevated CO2 and increased N (as either NO2 or NO3-) tended to have opposing 
effects on biomass (Fig 3.1).  CO2 either increased total biomass or balanced the 
effects of NO2 and/or NO3- depending on the species and the duration of treatment.  
When elevated NO2 or NO3- had an effect on biomass, it was negative; causing a 
reduction in maple biomass under ambient CO2 and eliminating the growth stimulation 
caused by CO2 in hemlocks.  After only one season, maple seedlings had higher leaf, 
stem, and total biomass under elevated CO2.  Elevated NO2 eliminated the effects on 
leaf and total biomass when NO3- was low and on stem biomass regardless of NO3- 
status.  Root biomass was the least responsive to CO2 and was only increased when 
NO3- was high and NO2 was low.  After a second season of fumigation, maples 
exhibited a reduction in root biomass caused by high NO2 and/or NO3- that resulted in 
lower total biomass (not significant in the NO2 + NO3- treatment, p = 0.10).  While 
CO2 no longer increased maple biomass, it did eliminate the detrimental effects of 
NO2 and/or NO3-.  In hemlocks, elevated CO2 increased leaf, stem, root, and total 
biomass, but adding either NO2 or NO3- eliminated this effect.  Neither NO2 nor NO3- 
had an effect when CO2 was ambient.  The counteracting effects of CO2 and added N 
(as either NO2 or NO3-) caused both hemlock and maple seedlings grown under  
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Figure 3.1:  Mean total, leaf, stem, and root biomass reported as the square root of dry 
mass in grams.  Light gray bars indicate ambient (380ppm) CO2 and dark gray bars 
indicate elevated (760ppm) CO2.  In each panel, the four bars on the left were grown 
under ambient NO3- deposition (low NO3-) and the four bars on the right were grown 
under 30 kg ha-1 yr-1 NO3- deposition (high NO3-).  On the x-axis, a = ambient NO2 
and NO2 = 40ppb NO2.  Asterisks indicate a significant difference between the 
ambient and elevated CO2 treatments.  Open circles indicate a significant difference 
between that treatment and ambient NO2 + ambient NO3- treatment in the same CO2 
group (e.g. an open circle on the bar of the elevated CO2 + elevated NO2 treatment 
indicates it is significantly different from the CO2 alone treatment). 
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combinations of elevated CO2 and N to exhibit biomass similar to those grown under 
ambient conditions. 
 
Gas exchange 
 Gas exchange was only measured on maple seedlings and acclimation of 
photosynthesis to elevated CO2 began after two seasons of treatment (Fig 3.2), but 
reductions in stomatal conductance began in the first year (for some treatments) and 
became greater after two.  At the end of the first season, photosynthesis was higher in 
all elevated CO2 treatments (only significant when N was ambient, in elevated NO2 p 
= 0.08, NO3- p = 0.17, and NO2 + NO3- p= 0.08).  When instantaneous photosynthesis 
was measured at 760 ppm CO2 on all of the seedlings, there were no differences 
between those grown under ambient and elevated CO2 indicating that photosynthesis 
had not acclimated to the higher concentration of CO2.  Stomatal conductance was 
decreased by elevated CO2, but only when NO2 or NO3- were singly elevated.  After 
two seasons of fumigation, there were no differences in photosynthesis when 
measured under the seedlings’ CO2 growing conditions.  However, when all seedlings 
were compared at 760 ppm CO2, those from the ambient treatment had higher 
photosynthetic rates than those from the elevated CO2 treatment.  This acclimation of 
the photosynthetic process to elevated CO2 was coupled with a decline in stomatal 
conductance in every treatment to which CO2 was added. 
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Figure 3.2:  Gas exchange data of maple seedlings during the first and second growing 
seasons (hatched bars and open bars, respectively).  The top panels are photosynthesis 
(µmol CO2 m-2 s-1) and the lower panels are ln of stomatal conductance (µmol H2O m-
2 s-1).  Light gray bars indicate ambient (380ppm) CO2 and dark gray bars indicate 
elevated (760ppm) CO2.  In each panel, the four bars on the left were grown under 
ambient NO3- deposition (low NO3-) and the four bars on the right were grown under 
30 kg ha-1 yr-1 NO3- deposition (high NO3-).  On the x-axis, a = ambient NO2 and NO2 
= 40ppb NO2.  Asterisks indicate a significant difference between the ambient and 
elevated CO2 treatments.  Open circles indicate a significant difference between that 
treatment and ambient NO2 + ambient NO3- treatment in the same CO2 group (e.g. an 
open circle on the bar of the elevated CO2 + elevated NO2 treatment indicates it is 
significantly different from the CO2 alone treatment). 
 
Allocation 
 Only maples altered their allocation of biomass between the root, stem, and 
leaf tissues (Fig 3.3).  After the first season of treatment, elevated CO2 shifted 
allocation from root to leaf biomass resulting in a decreased root:shoot (significant in 
every case except NO2 + NO3- vs CO2 + NO2 + NO3- where p = 0.08).  When NO2 was 
elevated under ambient NO3-, it eliminated the effect of CO2.  After two seasons, N 
  55
was a stronger driver of allocation than CO2.  Nitrogen addition as either NO2 or NO3- 
reduced allocation to roots causing a decrease in root:shoot relative to the control 
regardless of CO2 concentration.  Elevated CO2 alone also weakly decreased root 
allocation (p = 0.18) and root:shoot (p = 0.16) so the combinations of N and CO2 were  
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Figure 3.3:  Mean root:shoot, and percent biomass found in the leaves, stems, and 
roots based on dry mass.  Light gray bars indicate ambient (380ppm) CO2 and dark 
gray bars indicate elevated (760ppm) CO2.  In each panel, the four bars on the left 
were grown under ambient NO3- deposition (low NO3-) and the four bars on the right 
were grown under 30 kg ha-1 yr-1 NO3- deposition (high NO3-).  On the x-axis, a = 
ambient NO2 and NO2 = 40ppb NO2.  Asterisks indicate a significant difference 
between the ambient and elevated CO2 treatments.  Open circles indicate a significant 
difference between that treatment and ambient NO2 + ambient NO3- treatment in the 
same CO2 group (e.g. an open circle on the bar of the elevated CO2 + elevated NO2 
treatment indicates it is significantly different from the CO2 alone treatment). 
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not different from the CO2 alone treatment.  Elevated CO2 increased allocation to 
leaves when NO3- alone was also elevated.  No treatments altered allocation to the 
stem for either species. 
 
Leaf changes 
 Elevated CO2 changed the structure and chemistry of leaves in both maple and 
hemlock seedlings regardless of treatment duration (Fig 3.4).  Specific leaf area (SLA) 
was decreased by elevated CO2 in almost every case [not significant for 2nd year 
maples under ambient N (p = 0.13) or hemlocks when NO2 and NO3- were both 
elevated (p = 0.06)].  The combination of NO2 and NO3- also resulted in lower SLA, 
but only when CO2 was ambient for hemlocks and 1st year maples and when CO2 was 
elevated for 2nd year maples.  In the 1st year maples, total seedling leaf area was 
increased by elevated CO2 (except when NO2 alone was also elevated) causing the 
seedlings to have both thicker leaves and increased total photosynthetic surface. 
 Elevated CO2 also decreased leaf % N and increased C:N in most cases [Fig 
3.5; in 2nd year maples C:N was not significant when NO3- alone was elevated (p = 
0.09)].  In 2nd year maple seedlings, leaf % C was increased by NO2 + NO3- when CO2 
was ambient and by CO2 when NO3- was elevated.  Leaf % C in hemlocks was 
decreased by the presence of elevated CO2 suggesting that elevated CO2 caused the 
production of more oxygen-rich molecules like condensed tannins (King et al. 2001) 
since oxygen, carbon, and nitrogen make up most of the elemental mass in plant 
tissue.  Unlike maples, hemlocks were additionally influenced by elevated NO3-.  
Elevated NO3- increased leaf % N and decreased C:N in all the combinations to which 
it was added.  The combination of elevated CO2 and NO3- balanced each other such 
that the hemlocks’ leaf % N and C:N in these treatments were similar to those in the 
ambient treatment. 
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Figure 3.4:  Total leaf area in cm2 for maple seedlings under treatment for 1 and 2 
years.  Specific leaf area in cm2 g-1 for all seedlings.  Light gray bars indicate ambient 
(380ppm) CO2 and dark gray bars indicate elevated (760ppm) CO2.  In each panel, the 
four bars on the left were grown under ambient NO3- deposition (low NO3-) and the 
four bars on the right were grown under 30 kg ha-1 yr-1 NO3- deposition (high NO3-).  
On the x-axis, a = ambient NO2 and NO2 = 40ppb NO2.  Asterisks indicate a 
significant difference between the ambient and elevated CO2 treatments.  Open circles 
indicate a significant difference between that treatment and ambient NO2 + ambient 
NO3- treatment in the same CO2 group (e.g. an open circle on the bar of the elevated 
CO2 + elevated NO2 treatment indicates it is significantly different from the CO2 alone 
treatment). 
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Figure 3.5:  Elemental analysis of leaf tissue.  Mean percent of leaf tissue composed of 
nitrogen and carbon and the ratio of carbon to nitrogen.  Light gray bars indicate 
ambient (380ppm) CO2 and dark gray bars indicate elevated (760ppm) CO2.  In each 
panel, the four bars on the left were grown under ambient NO3- deposition (low NO3-) 
and the four bars on the right were grown under 30 kg ha-1 yr-1 NO3- deposition (high 
NO3-).  On the x-axis, a = ambient NO2 and NO2 = 40ppb NO2.  Asterisks indicate a 
significant difference between the ambient and elevated CO2 treatments.  Open circles 
indicate a significant difference between that treatment and ambient NO2 + ambient 
NO3- treatment in the same CO2 group (e.g. an open circle on the bar of the elevated 
CO2 + elevated NO2 treatment indicates it is significantly different from the CO2 alone 
treatment). 
 
Discussion 
 The plant responses to elevated CO2, NO2, and NO3- in this study can be 
broadly grouped into three categories.  The first group of responses describes how 
overall growth and allocation of biomass within seedlings was altered by changing 
CO2 and N regimes.  Changes in the patterns of seedling growth and allocation are of 
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particular interest because they are necessary for generating accurate predictions of 
future forest growth and the carbon storage potential of growing forests.  The second 
set of responses represents changes in foliar elemental composition following 
exposure to CO2, NO2, and NO3-.  Leaves are an important food source for both insect 
and mammalian herbivores and leaves from deciduous trees provide the substrate for 
many soil microbial processes.  As a result, changes in the C and N content of leaves 
can have ramifications for food webs and ecosystems processes.  The final category is 
the response of gas exchange to elevated CO2, NO2, and NO3-.  These data help to 
provide the mechanistic underpinning describing the observations in growth, 
allocation, and leaf chemistry. 
 Seedling responses to elevated CO2 were species-specific when there was no 
additional reactive N added to the soil or air.  After two years, only the hemlock 
seedlings had greater biomass under elevated CO2, but the addition of N to either the 
soil or air eliminated the response.  The combination of elevated CO2 and additional N 
in the soil or air did not cause a change in the total biomass of either species.  This 
suggests that sugar maple and hemlock seedlings growing under the increased CO2 
concentration and nitrogen deposition predicted under many future scenarios of global 
change may have similar growth rates as those growing under current atmospheric 
conditions.  This is in contrast to the majority of studies that find increased growth 
under elevated CO2 (Ainsworth and Long 2005, Norby et al. 1999, Curtis and Wang 
1998), especially with the addition of N, but agrees with several studies that focus on 
sugar maples and observed little or no growth response to elevated CO2, at least for 
the first few years of exposure (Lindroth et al. 1993, Gaucher et al. 2003, Karnosky et 
al. 2005).  The addition of N as either soil NO3- or gaseous NO2 did not increase 
growth in either species and caused decreases in the biomass of sugar maples under 
ambient CO2 and hemlock under elevated CO2.  Although the responses of the two 
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species are similar, we suspect that the mechanisms behind of the responses may be 
different.  Sugar maples under ambient CO2 reduced their belowground production in 
response to higher N, possibly indicating that a smaller root mass was required to 
obtained the necessary N for the aboveground biomass.  Conversely, the increased 
growth caused by elevated CO2 in hemlocks was eliminated by the addition of N, 
which suggests that the N damaged the seedlings in the elevated CO2 treatment. 
 Both soil NO3- and gaseous NO2 caused a decline in sugar maple biomass after 
two years of treatment, but it appears to be related to altered resource allocation rather 
than to NO2 oxidative damage or some primary or secondary toxic effect of soil NO3-.  
Sugar maple seedlings responded to high soil NO3- and/or high NO2 with a reduction 
in below-ground tissue production (Fig 3.1); a response that could be driven by a 
reduction in the amount of root-foraging necessary to meet above-ground  plant water 
and nutrient requirements.  Additional evidence for reduced root biomass as a change 
in resource allocation rather than a response to damage lies in the observation that the 
above-ground growth of these seedlings appears to have been constrained by the size 
of the initial leaf flush.  In both years, the sugar maple seedlings produced the majority 
of their new biomass during the initial period of spring growth; very few seedlings 
produced new leaves after the first spring flush.  With additional N available for 
growth, biomass production could follow one of two general paths: 1) plants in high N 
treatments maintain the same amount of below-ground tissue as seedlings in low N 
treatments and use the additional N to increase above-ground production, or 2) plants 
in high N treatments maintain the same amount of above-ground biomass as seedlings 
in low N treatments, but reduce below-ground production to the new level required to 
support the above-ground tissues.  In this study, the above-ground production of sugar 
maple seedlings did not increase in the high NO3- and/or NO2 treatments (Fig 3.1) 
perhaps constrained by the size of the initial leaf-flush, and therefore, seedling root 
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systems did not explore as large a volume of soil to meet the N requirements of 
aboveground growth.  This scenario may be a plausible explanation for the lower 
below-ground biomass production observed in seedlings grown under supplemental N 
(NO3- or NO2) compared to seedlings grown under ambient N conditions. 
 Changes in gas exchange provide a partial explanation for the absence of a 
CO2 growth enhancement and the observation that elevated CO2 eliminated the 
reduction in sugar maple growth caused by NO2 and/or NO3- (Fig 3.1).  After two 
years, photosynthesis in sugar maples acclimated to the higher concentration of CO2 in 
the atmosphere, causing the seedlings in the elevated and ambient CO2 treatments to 
fix the same amount of C per unit leaf area (Fig 3.2).  Photosynthetic acclimation to 
elevated CO2 has been reported in a number of other studies (e.g. Kubiske et al. 1997, 
Curtis et al. 2000, Ainsworth and Long 2005, Sefcik et al. 2007) and with no extra 
carbon fixation, there can be no extra growth.  Reduced stomatal conductance is 
another common response to elevated CO2 (e.g. Ainsworth and Long 2005, Norby et 
al. 1999) and occurred in this study regardless of the concentration of NO2 and/or 
NO3- (Fig 3.2).  Reduced stomatal conductance can explain why neither NO2 nor NO3- 
had an effect under elevated CO2, although the effects are direct and indirect on NO2 
and NO3-, respectively.  The entrance of NO2 into leaves is predominately controlled 
by stomatal conductance (Eller and Sparks 2006), so decreased conductance would 
have physically limited the amount of NO2 that the plants experienced.  Even though 
the NO2 concentration outside the leaves was higher than in the control, the amount 
inside the leaves may have been similar.  Decreased stomatal conductance may have 
indirectly reduced the uptake of NO3- by reducing transpiration and decreasing the 
bulk flow of water from the soil through the plant.  Many nutrients, including NO3-, 
enter plant roots via bulk flow transport and slower movement of water into the plant 
will slow the acquisition of these nutrients.  The reduction in stomatal conductance 
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limited the ability of seedlings to take advantage of the extra available N, causing all 
the seedlings grown under elevated CO2 to have similar quantities and distribution of 
biomass regardless of NO2 and/or NO3- concentrations. 
 The duration of the treatment was an important factor in the growth responses 
of sugar maples to CO2, NO2, and NO3-.  After only one growing season, there was no 
photosynthetic acclimation to elevated CO2 and total biomass was increased by 
elevated CO2 in nearly every case (Figs 3.1 and 3.2).  However, the increased growth 
under elevated CO2 was transient and disappeared in the second year as 
photosynthesis acclimated to elevated CO2.  After two years, NO3- and NO2 had the 
same effect on biomass: causing reductions in root biomass.  Conversely, during the 
first year NO2 alone eliminated the CO2 effect while increased soil NO3- had no effect 
on biomass.  Based on the responses to one year of treatment, the conclusion would 
have been that sugar maples do not exhibit photosynthetic acclimation to elevated 
CO2, their growth is stimulated by elevated CO2, and they have no growth response to 
increased soil NO3-.  These are very different conclusions from those we can draw 
after two years where elevated CO2 did cause photosynthetic acclimation and did not 
stimulate growth, and increased NO3- and/or NO2 caused reductions in biomass under 
ambient CO2.  The large difference in responses from one to two seasons under 
treatment is a reminder of the importance of duration when looking for responses in 
long-lived species.  Even two growing seasons is a relatively short exposure for tree 
seedlings and we hope that future studies will be conducted for longer periods of time 
to determine whether the responses seen after two years are the same after three, four, 
five, or more years.  
Hemlocks exhibited an increase in biomass under elevated CO2, but the 
addition of N as either gaseous NO2 or NO3- fertilizer applied to the soil surface 
eliminated this growth effect.  It is difficult to explain why NO2 and NO3- had no 
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effect when CO2 was ambient, but appeared to have a negative when CO2 was 
elevated.  We did not measure gas exchange on the hemlock seedlings, but the 
increased growth under elevated CO2 suggests that photosynthesis was increased.  
While many species show decreased stomatal conductance under elevated CO2 the 
response is not universal (Curtis and Wang 1998) and the fact that hemlock needles 
had higher % N when NO3- was high suggests that conductance, and therefore bulk 
flow, was not reduced enough to impede the uptake of NO3-.  Under ambient CO2 an 
increase in photosynthesis is typically coupled with increased stomatal conductance.  
If the increased photosynthesis caused by elevated CO2 in this case increased stomatal 
conductance, it would have increased the uptake of NO2, which could have caused 
damage to the hemlock needles.  While NO2 probably had a direct effect on the 
hemlock needles, it is likely that the effect of NO3- on the hemlock seedlings was 
indirect.  The additional NO3- may have depleted soil base cations, particularly Ca+ 
and Mg+, causing hemlocks to become nutrient limited and unable to benefit from 
extra CO2.  If the addition of NO3- caused nutrients other than N to limit seedling 
growth it would explain why the seedlings grown in high NO3- had similar biomass 
regardless of CO2 concentration.  As seen in the sugar maple seedlings, the 
combination of elevated CO2 and additional N resulted in biomass production similar 
to the control even though NO2 and NO3- were likely acting through different 
physiological mechanisms. 
 Elevated CO2 caused rapid and substantial changes to leaf structure and 
chemistry similar to those seen in other studies (e.g. Curtis and Wang 1998, Norby et 
al. 1999, King et al. 2001, Ainsworth and Long 2005).  In nearly every treatment 
combination elevated CO2 caused decreased SLA and leaf % N, and increased leaf 
C:N in the hemlocks and in both the one- and two-year maples (Figs 3.4 and 3.5).  It is 
surprising that both the one and two-year maples had the same responses in leaf 
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chemistry when their growth responses were so different.  Maples grown under 
treatment for only one year increased their overall biomass under elevated CO2, but 
without compensating for the dilution of N they ended up with lower leaf % N and 
greater production of heavy, low-N compounds in their leaves.  After two years, there 
was no increase in maple photosynthesis or growth under elevated CO2, suggesting 
there was no additional carbon fixation in these seedling.  With no additional carbon 
fixation one would predict that there should be no increase in the C:N in the leaf 
tissue, but that is not what we found.  The reduction in % N and increase in C:N 
observed under elevated CO2 supports the theory that the decreased stomatal 
conductance caused by elevated CO2 reduced the ability of maple seedlings to acquire 
N even when it was being added to the environment as NO2 or NO3-.  The increase in 
SLA suggests that seedlings responded to the lack of N by using the available C to 
produce greater quantities compounds like condensed tannins as seen in other studies 
(King et al. 2001).  It appears that maples in the future high CO2 environments will 
have lower SLA and % N, and higher C:N in both high and low NO2 and NO3- 
environments regardless of whether or not there is CO2-induced growth enhancement. 
 Hemlocks had decreased SLA, % N, and % C, and increased C:N in nearly 
every treatment combination that included elevated CO2.  They also had increased leaf 
% N and decreased C:N in all the treatments that included elevated NO3-, which 
caused the plants grown under both elevated CO2 and NO3- to have % N and C:N 
values similar to the seedlings in the control (Figs 3.4 and 3.5).  The CO2-induced 
decrease in both leaf % N and % C in the leaves suggests that seedlings in these 
groups were producing greater quantities of compounds that contained high amounts 
of oxygen, which along with hydrogen, N, and C make up the most common elements 
found in leaves.  As seen in the one year vs two year maple seedlings the hemlock leaf 
responses to elevated CO2 were similar regardless of whether or not there was an 
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increase in biomass.  In the case of the hemlocks, CO2 alone increased biomass while 
CO2 + NO2 did not and yet the SLA, % N, % C, and C:N of the leaves in the two 
groups was similar.  Unlike the maples, the hemlock seedlings did acquire additional 
N when soil NO3- was high and seedlings grown in the CO2 + NO3- treatments were 
similar to the control suggesting that in the future, hemlocks growing in high NO3- 
environments will have leaves similar to those currently growing in low NO3- 
environments. 
 Perhaps the most surprising finding in this study was how few treatments 
resulted in increased whole-plant carbon acquisition.  The only case of increased wood 
production was hemlock seedlings grown under elevated CO2 with no additional NO2 
or NO3-.  Many current models that predict future carbon storage by vegetation include 
algorithms to account for a “CO2 fertilization” effect (e.g., Albani et al. 2006, Zaehle 
et al. 2007) and predict increased future net primary productivity (NPP).  However, 
Zaehle et al. (2007) suggest that the CO2 effect may be temporary and will be 
diminished by 2070 as a result of increased temperature.  Further, Albani et al. (2006) 
found that when they compared their NPP predictions with measurements, the model 
that included a CO2 fertilization effect overestimated the amount of carbon stored.  
While some species undoubtedly experience CO2 fertilization, sugar maple, a 
dominant species in northeastern US forests had no response to elevated CO2 and 
eastern hemlock, another common northeastern species, only showed a response in the 
absence of NO2 or NO3-.  Models that assume a general CO2 fertilization effect and do 
not incorporate differing species responses and the effects of concomitant atmospheric 
changes are likely to overestimate the amount of carbon stored in tree biomass. 
 The responses of seedling biomass to the combination of elevated CO2, NO2, 
and NO3- in this study could not have been predicted by the addition of the single 
treatment responses.  For both maples and hemlocks, treatments that had no effect 
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when applied singly often eliminated the effects of other treatments.  In maples, 
adding CO2 eliminated the NO2 and NO3- effects and in hemlocks adding N as either 
NO2 or NO3- eliminated the CO2 effect.  The effects of single gases were species-
specific, but in both species, seedlings exposed to the full combination of treatments 
exhibited similar growth to those in the ambient treatment.  This study is an example 
of why it is important use simultaneous application of multiple treatments and 
continue the treatments for more than one growing season to determine how plants 
may respond to the many concurrent changes happening in Earth’s atmosphere. 
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Chapter 4 
Responses of tree seedlings to global change: single and combined 
effects of elevated carbon dioxide, nitrogen dioxide, and ozone 
Abstract 
 Human activities have increased the atmospheric concentrations of carbon 
dioxide (CO2), nitrogen dioxide (NO2), and ozone (O3) since the industrial revolution 
and these changes are known to affect the growth of plants.  Responses of forests to 
these global changes are of particular interest because of the area of forested land 
coverage on earth and the ability of trees to remove CO2 from the atmosphere and 
store it in wood.  Previous studies have found that elevated CO2 generally enhances 
tree seedling growth unless other factors like nutrient or water availability are limiting.  
In addition, other factors, like the oxidative effect of elevated ozone (O3) or high 
temperatures have been suggested to decrease photosynthesis and eventually lead to a 
decline in growth in spite of any affects of elevated CO2.  Nitrogen dioxide has been 
less studied, but also has the potential to diminish growth through oxidative effects or 
to be a source of nutritive nitrogen to forest trees.  Changes in stomatal conductance 
induced by elevated CO2 are likely to alter the effects of O3 and NO2 by limiting the 
entry of these gases into leaves.  In order to investigate the single and combined 
effects of elevated CO2, NO2, and O3 on tree seedlings, we used open-top chambers to 
alter the atmosphere around sugar maple (Acer saccharum), eastern hemlock (Tsuga 
canadensis), red oak (Quercus rubra), and two clones of trembling aspen (Populus 
tremuloides).  Seedlings were fumigated for two years with ambient or 560 ppm CO2, 
ambient or 40 ppb NO2, ambient or 100 ppb (5 days/week) O3, and grown in ambient 
or 30 kg ha-1 yr-1 soil NO3-.  We found very few effects on total seedling biomass and 
no cases of increased biomass under elevated CO2 alone.  In general, single gas 
treatments and combinations of multiple oxidative caused decreases in the biomass of 
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maple and hemlock seedlings.  However, the combinatorial treatment most likely to 
simulate the future atmosphere (CO2 + NO2 + O3) exhibited growth responses not 
different from the control suggesting that the future growth of these species may be 
similar to their current growth. 
 
Introduction 
 The atmospheric concentrations of carbon dioxide (CO2), nitrogen dioxide 
(NO2), and ozone (O3) are increasing, largely due to human activities.  It is expected 
that the global CO2 concentration will reach 560 ppm within the next 50 years (IPCC 
2007) and areas around many cities frequently experience NO2 levels up to 45 ppb 
(NASA visible earth) and O3 levels above 80 ppb (EPA, AIRNOW).  To understand 
how these changes will affect forested ecosystems, it is imperative to assess how trees 
will respond to these changes simultaneously.  Tree seedlings provide the source 
material for future forests, so their responses to global change will ultimately 
determine the composition, health, and carbon storage potential of forested areas. 
 In general, tree seedlings grown under elevated CO2 exhibit increased biomass 
in all tissue components, a result accompanied by increased photosynthesis, decreased 
leaf nitrogen (e.g. Ainsworth and Long 2005, Curtis and Wang 1998, Norby et al. 
1999) and decreased stomatal conductance (Ainsworth and Long 2005).  These 
general trends have been reported in several review papers and meta-analyses, but they 
are not universal.  In particular, the stimulation of seedling growth was not statistically 
significant in FACE (free-air CO2 enrichment) studies when nutrients were limiting 
(Ainsworth and Long 2005) and declines in stomatal conductance were inconclusive 
or not supported in meta-analyses that relied primarily on chamber and greenhouse 
studies (Curtis and Wang 1998, Norby et al. 1999). 
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 Ozone is a strong oxidant that causes visible injury to plant leaves, accelerates 
leaf senescence (e.g. Greitner et al. 1994, Coleman et al. 1995), and decreases 
photosynthesis (Chappelka and Samuelson 1998).  Despite visible damage and 
decreases in photosynthesis, many tree species do not exhibit declines in biomass, 
especially if the exposures are relatively short or the plants are grown under conditions 
where stomatal conductance is reduced (Chappelka and Samuelson 1998).  Over the 
lifetime of the tree, the cumulative reduction in photosynthesis caused by elevated O3 
has been estimated to decrease hardwood tree growth by 3 – 22% (Ollinger et al 
1997).  Declines in tree growth is of particular concern to the global change 
community because of both impacts on overall forest health and also the ability of 
growing forests to remove CO2 from the atmosphere and store it as woody biomass.  
Sensitivity to O3 has been shown to vary between tree species and even between 
different clones of the same species, so it is important that studies hoping to make 
predictions about future forests examine multiple species (e.g. reviews by Chappelka 
and Samuelson 1998, Skärby et al. 1998). 
 The positive effects of elevated CO2 are often balanced by the negative effects 
of O3 and vice versa (e.g. Isebrands et al. 2001, Karnosky et al. 2003, King et al. 
2005).  In order for O3 to damage plants, it must enter plant leaves through stomata 
and oxidize sensitive tissues like plasma membranes and other cell components.  
Therefore, decreased stomatal conductance induced by elevated CO2 can limit the 
effective dose of O3 that a plant experiences.  Conversely, the increased carboxylation 
capacity of plants under elevated CO2 generates more photosynthate that can be used 
to build new tissue, or replace tissue damaged by elevated O3.  This balance of 
increased carboxylation and oxidative damage is sometimes found to result in plants 
that have similar growth rates grown under elevated CO2 and O3 compared to those 
being grown under ambient conditions (Karnosky et al. 2003). 
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Increased gaseous NO2 in the atmosphere can be directly incorporated through 
tree foliage and can theoretically increase or decrease photosynthesis and growth 
(Sparks 2009).  When NO2 enters plant leaves it disproportionates into nitrate and 
nitrite (Rennenberg and Geβler 1999, Siegwolf et al. 2001) and has been shown to 
contribute nitrogen to the formation of plant tissue, suggesting that plants can use it as 
a source of nitrogen (Vallano and Sparks 2007).  Siegwolf et al. 2001 found a 
significant increase in biomass under 100 ppb NO2 and as much as 15% of a plant’s 
nitrogen has been shown to come from NO2 (Vallano and Sparks 2007).  Like 
increasing NO3- deposition, it is expected that in a nitrogen limited system, elevated 
NO2 could stimulate plant growth.  However, NO2 is also an oxidant and, like O3, 
when it enters plant leaves it has the potential to react with cell membranes and 
damage internal living tissue.  At very high concentrations of NO2, investigators have 
found reduced plant growth (Rowland et al. 1985) and increased mortality (Strivastava 
et al. 1992, Qiao and Murray 1997). 
 Elevated NO2 has the potential to enhance growth under elevated CO2, but 
elevated CO2, through its influence on stomatal conductance, may simultaneously 
limit the influence of NO2.  As a source of additional nitrogen, NO2 may alleviate the 
nitrogen-limitation that reduces a plant’s ability to fix additional carbon under elevated 
CO2 (Sparks 2009).  However, NO2, as a weak oxidant, may also cause damage in a 
way similar to O3.  Like O3, the entry of NO2 into plant leaves is largely controlled by 
stomatal conductance (Eller and Sparks 2006) and if elevated CO2 reduces stomatal 
conductance, it will likely reduce the effect of NO2 regardless of whether the effect is 
positive or negative.  Because of its relatively weaker influence compared to CO2 and 
ozone and its bifunctionality as both a potential nutrient and oxidant, NO2 may alter 
the balance of positive and negative effects exerted by the combined CO2 + O3 
treatments.  In other words, one might predict that NO2, although not a significant 
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factor on its own, would likely significantly alter combined CO2 + O3 treatments in 
ways that are challenging to predict. 
The goal of this study was to determine how tree seedlings will respond to the 
CO2 concentration expected in 2050 and how the air pollutants O3 and NO2 will 
attenuate those responses.  The forests of the northeastern United States include areas 
of established and re-growing forests which are dominated by late- and early- 
successional species, respectively.  To help to capture some of this successional 
diversity, we included the late-successional species sugar maple (Acer saccharum), 
eastern hemlock (Tsuga canadensis), and red oak (Quercus rubra) and two clones of 
the early-successional species, trembling aspen (Populus tremuloides).  Because many 
northeastern US forests are limited by nitrogen, we also examined the effects of these 
gases under both low and high soil nitrogen availability. 
 
Methods 
Site description: 
This study was conducted in an open field at the University of Michigan 
Biological Station (UMBS) in Pellston, MI USA (45°33′14″N 84°47′4″W).  The 
average high and low June-August temperatures at the site were 23 and 13o C, 
respectively.  In order to reduce the ambient light level, a shade cloth was erected over 
the entire site, reducing the incoming light by 50%.  The shade cloth was porous and 
allowed at least some natural precipitation to pass.  The total summer (June-August) 
precipitation in 2006 and 2007 was 18 and 19 cm, respectively, and the seedlings were 
watered every three days (if there was no natural precipitation) to alleviate drought 
stress. 
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Plant material and chambers: 
Bare-rooted seedlings of hemlock (Tsuga canadensis) and sugar maple (Acer 
saccharum) seedlings were purchased from Pikes Peak Nursery (Penn Run, PA).  The 
seedlings were 2-4 years old and 24-48 cm tall when planted into the experiment an 
May 10th 2006.  Red oak (Quercus rubra) seedlings were transplanted from nearby 
forests shortly after germination and planted on June 10th 2006.  Cuttings from two 
clonal lines of trembling aspen (Populus tremuloides) used in the Rhinelander FACE 
experiment (Clone #259-O3 sensitive and Clone #271-O3 tolerant) were propagated in 
greenhouses at Cornell University in 2005 and transported to UMBS in 2006.  The 
propagation soil medium was washed from the plant roots before they were planted on 
May 20th 2006. 
Rootboxes were prepared by drilling approximately 30 2.5 cm holes into the 
bottoms of 160 plastic storage tubs (volume = 0.16 m3).  The boxes were buried so 
that the top of each box was level with the surrounding soil surface and the boxes were 
filled with sand and covered with 10 cm of topsoil (both from local sources).  This 
sand-soil layering mimicked the soil structure in the surrounding forests. 
In each rootbox, one hemlock, one sugar maple, one red oak, and three 
trembling aspen (2 O3 tolerant + 1 O3 sensitive in blocks 1, 2, 3, 4, 6, 8, and10 and 2 
O3 sensitive + 1 O3 tolerant in blocks 5, 7, and 9) seedlings were randomly arranged 
and each seedling was inoculated with 50 cm3 of forest topsoil removed from a 
predominantly sugar maple, hemlock, oak, or aspen stand to establish a microbial 
community similar to that of the local forests.  Seedlings that died during the 
experiment were replaced so that the species composition in each box did not change, 
but only seedlings planted before July 15th 2006 were included in analyses. 
One flow-through open-top chamber (0.8m x 0.8m x 1m) was placed over two 
rootboxes.  The chamber frames were made of 1/2 inch PVC pipe and the frames were 
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wrapped with transparent 0.8 mm PVC film.  Fans encased in metal blower boxes 
were connected to a perforated ring of PVC that was placed at the bottom of the 
chamber.  The bulk flow from the blower box through the chamber was 600-700 lpm 
resulting in a turnover time of less than two minutes.  A smoke test showed that the 
chambers became fully mixed in less than 10 seconds. 
The chambers were assigned to a block based on their location in the field in 
order to minimize the effects of possible light, wind, and moisture differences across 
the field.  Within each block, each chamber was randomly assigned to one of the eight 
possible treatment combinations. 
 
Treatments: 
Carbon dioxide was purchased from Airgas (Charlevoix, MI) as a liquid, NO2 
was purchased in 10,000 ppm tanks from Scott-Marin Specialty Gas (Riverside, CA), 
and O3 was generated by pumping ambient air through a LG-7 CD Laboratory O3 
generator (Ozone Engineering, El Sobrente CA).  The gas from each tank or generator 
was delivered to a manifold block where it was split into 40 lines, each to a needle 
valve with a flowmeter (Aalborg, Orangeburg, NY).  Each needle valve controlled the 
flow of CO2, NO2, or O3 to a single chamber.  Opaque black PTFE tubing (Forberg 
Scientific, MI) was used for all NO2 and O3 lines and Poly Flo tubing (J.F. Good 
Company, OH) was used for CO2 lines.  Return lines placed in each chamber were 
used to bring air from the chamber to a solenoid system that automatically sampled 
each chamber every four hours for CO2 and NO2.  O3 in each chamber was monitored 
manually every other day with a ThermoEnvironmental Model 49 Chemiluminescence 
O3 monitor.  A LiCor 6252 IRGA was used for analysis of CO2 concentration and an 
EcoPhysics CLD 760 with a PLC 660 NOx converter was used for analysis of NO2 and 
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NO concentrations.  The analyzers were calibrated weekly using sequential dilution of 
certified calibration tanks (Scott-Marrin Specialty Gas, Riverside, CA). 
In 2006, the elevated CO2 treatment began June 8, the NO2 treatment began 
June 20, and the O3 treatment began on July 3.  The O3 and NO2 treatments were 
turned off August 20 and CO2 was turned off on September 15.  In 2007, the CO2 and 
NO2 treatments began on May 9, the O3 treatment began on May 26 and all treatments 
ended on September 5.  Treatment chambers received 560ppm CO2, 40ppb NO2 or 
100 ppb O3.  CO2 and NO2 were applied to the chambers from 7am and 7pm daily.  
The elevated O3 treatment was applied 5 days/week from 10 am until 4 pm.  The NO 
concentration in elevated NO2 chambers was typically 3-7 ppb.  Ambient CO2 
concentration was 365ppm, ambient O3 was typically 30-40 ppb, and ambient NO2 
and NO concentrations were both < 1 ppb. 
Once a week, all experimental plants received a ¼ strength Hoagland solution 
that was modified to include no nitrogen.  Half the chambers were given additional 
soil nitrogen in the form of NaNO3 at a rate of 30 kg N ha-1 yr-1.  The NaNO3 was 
added to the Hoagland solution and applied every two weeks beginning June 23 in 
2006 and June 11 in 2007. 
 
Photosynthesis measurements: 
 The Li-Cor 6400 gas exchange system (Li-Cor, Lincoln, NE) was used for all 
gas exchange measurements.  Photosynthesis and stomatal conductance were 
measured once a month on 3-5 seedlings in each treatment in June, July, and August 
2007 resulting in 8-10 measurements from each treatment.  Both photosynthesis and 
stomatal conductance were measured at the CO2 level under which the seedlings were 
growing, (i.e. seedlings grown under ambient CO2 were measured at ambient CO2 and 
those grown under 760 ppm CO2 were measured at 760 ppm CO2) and then all the 
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seedlings were measured at 760 ppm.  This allowed us to compare gas exchange under 
the different growing regimes and to look for acclimation of photosynthesis and 
stomatal conductance. 
 In August 2007, dark respiration was measured on 3-5 individuals from each 
treatment.  The measurements were made between midnight and 4 am to ensure that 
there was no photosynthesis occurring. 
 
Growth and Allocation Measurements: 
At the time of planting, 10 seedlings of each species were destructively 
harvested and the wet and dry biomass of the leaf, stem, and root tissues were 
measured.  The measurements from the harvested seedlings were used to determine 
the relationship between the wet and dry biomasses at the time of planting.  Before 
each seedling was planted, its wet biomass was recorded and the relationship between 
wet and dry biomass was used to estimate of the initial dry biomass for every seedling 
planted in the study.  Estimated initial biomass was used as a covariate in all the 
subsequent analyses of biomass. 
Leaf production and senescence were monitored in eight of the ten total blocks.  
Every two weeks, colored thread was used to label all new leaves and the number of 
leaves in each color group was measured.  This allowed us to keep track of the number 
of leaves grown and lost during each two-week period and calculate the total leaf 
biomass produced during the growing season.  Total seasonal leaf production was 
estimated as the sum of the end of season leaf biomass and the estimated biomass lost 
through senescence.  Senesced leaf biomass was calculated as the product of the 
number of leaves lost during the season and the average leaf dry weight within a 
treatment. At the end of the growing season, the percentage of the total leaf production 
lost and the timing of that loss was assessed by multiplying the % number of leaves 
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lost per time period by the total seasonal leaf production.  For seedlings in blocks one 
and two (where leaf production was not monitored) the mean % number of leaves lost 
by seedlings in each treatment (blocks 3-10) was used to estimate the leaf biomass lost 
by the individuals in the same treatment.  The estimated total leaf biomass was used in 
all the calculations of total seedling biomass and allocation of seedling biomass. 
In September 2007, all of the seedlings were harvested by removing the 
rootboxes from the ground and placing the soil and seedlings onto a 2 mm mesh 
screen to rinse the soil off the roots.  Once clean, the roots, stems, and leaves were 
separated, the roots frozen, and the leaves pressed.  All samples were transported to 
Cornell University in Ithaca, NY where the roots were thawed and separated into three 
size classes: < 1 mm, 1-2 mm, and > 2 mm.  All plant tissues were dried for 3 days at 
50 oC and weighed to determine dry mass. 
Total leaf area of maple, oak, and aspen seedlings was determined using a LI-
3100 leaf area meter (Li-Cor Lincoln, NE).  Leaf area was divided by total leaf 
biomass to determine specific leaf area (SLA). 
 
Statistical Analysis: 
In this randomized blocked design there were 3-10 replicates of each species in 
each treatment depending on seedling mortality.  Most seedling mortality occurred 
early and was not related to treatment (with the exception of oaks).  Treatment means 
were compared using the mixed model ANOVA and ANCOVA techniques with 
pairwise comparisons (α = 0.1).  All the analyses of mass included estimated initial 
biomass as a covariate.  In some cases, there was increasing variance in the residuals 
and the data were square-root transformed for the statistical analyses.  There were also 
some moderate cases of unequal variances between treatments, so the SAS ddfm 
SATTERTHWAITE technique was used.  The ANOVA results are presented in 
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appendix A.  All statistical analyses were done using the SAS statistical software 
(SAS Institute Inc., SAS Version 9.1.3, Cary, NC) and figures were generated in 
SigmaPlot (SPSS Science, Chicago, IL). 
 
Results 
Mortality: 
 Mortality was only considered if it occurred at least four weeks after the 
seedlings were transplanted into the experiment.  In all the species except red oak, 
mortality ranged from 0% to 40% and there were no differences in mortality between 
treatments (data not shown).  In red oak, the mortality generally occurred over the 
winter after the first growing season and was highest in the NO2 + O3 treatment when 
soil NO3- was low (Fig 4.1).  The 70% mortality rate in that treatment left only three 
individuals surviving and resulted in very low statistical power for this species. 
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Figure 4.1:  Cumulative oak seedling mortality expressed as % dead.  Light gray bars 
indicate ambient (380ppm) CO2 and black bars indicate elevated (560ppm) CO2.  The 
left-hand panel are  seedlings grown in low soil NO3- and the right-hand panel are 
those grown in 30 kg NO3- ha-1 yr-1.  On the x-axis, a = ambient NO2 + ambient O3, O3 
= ambient NO2 + elevated O3, NO2 = elevated NO2 + ambient O3, and  O3 + NO2 = 
elevated NO2 + elevated O3.  Asterisks indicate a significant difference between the 
ambient and elevated CO2 treatments.  Open circles indicate a significant difference 
between that treatment and ambient NO2 + ambient O3  treatment in the same CO2 
group. 
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Biomass: 
 In this study, there were very few cases where total seedling biomass 
responded to our treatments (Fig 4.2).  The only cases where single treatments altered 
biomass were in the O3 sensitive aspens where NO2 and O3 each reduced total biomass 
(Fig 4.2 i and j).   
Maple and hemlock seedlings had similar trends in total biomass (Fig 4.2 a-d); 
when soil NO3- was low, there were no single gas effects and no treatment including 
elevated CO2 differed from the ambient treatment.  Conversely, when soil NO3- was 
high, there were no effects of single gases or of CO2 + NO2 or CO2 + O3, but the CO2 
+ NO2 + O3 treatment resulted in greater biomass compared to the ambient treatment. 
 The two clones of aspen generally showed divergent responses to the 
treatments (Fig 4.2 g-j).  The O3 tolerant clone under both NO3- treatments and the O3 
sensitive clone under the high NO3- treatment exhibited no responses to single gases 
and no treatment combinations were significantly different from the ambient.  In 
contrast, the O3 sensitive seedlings grown in low soil NO3- exhibited decreased total 
biomass when either O3 or NO2 was elevated and although CO2 had no effect on its 
own, it eliminated the effect of elevated NO2 causing the CO2 + NO2 + O3 to produce 
a similar quantity of biomass as the control. 
 In general, the biomass of < 2 mm roots, > 2 mm roots, stems, and leaves 
showed the same trends as total biomass (Tables 4.1 & 4.2).  Maple seedlings showed 
no response to single-gas treatments.  However, when soil NO3- was low, the CO2 + 
NO2 treatment caused a decrease in > 2 mm root biomass.  Further, when soil NO3- 
was high, the combination of CO2 + NO2 + O3 fumigation increased biomass in all 
tissue types.  Under low soil NO3-, hemlocks also exhibited no single-gas responses in  
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Table 4.1:  Mean dry biomass (g) of each tissue type for each species grown under 
low soil NO3-.  Different letters indicate significantly different pairwise comparisons 
(p < 0.1) and standard error is shown in parentheses. 
  Low soil NO3- 
 Treatment a O3 NO2 
NO2 
+ O3 
CO2 
CO2 
+ O3 
CO2 
+ 
NO2 
CO2 + 
NO2 + 
O3 
Su
ga
r 
m
ap
le
 
Total 
biomass 
22.56ab 
(3.70) 
16.33a 
(3.98) 
22.70ab 
(3.40) 
23.47ab 
(3.34) 
23.68ab 
(3.69) 
24.41b 
(3.50) 
18.79ab 
(3.50) 
23.15ab 
(3.69) 
< 2 mm 
root 
7.06ab 
(1.28) 
4.82a 
(1.38) 
6.58ab 
(1.18) 
7.33ab 
(1.16) 
6.62ab 
(1.28) 
7.44b 
(1.22) 
5.01b 
(1.22) 
5.88ab 
(1.28) 
> 2mm 
root 
7.32ab 
(1.15) 
4.84a 
(1.24) 
7.31ab 
(1.05) 
7.25ab 
(1.03) 
7.83b 
(1.15) 
7.55b 
(1.08) 
5.16a 
(1.08) 
7.44b 
(1.15) 
Total 
root 
7.32ab 
(1.15) 
4.84a 
(1.24) 
7.31ab 
(1.05) 
7.25ab 
(1.03) 
7.83b 
(1.15) 
7.55b 
(1.08) 
5.16a 
(1.08) 
7.44ab 
(1.15) 
Stem 3.14
ab 
(0.52) 
2.48a 
(0.55) 
3.49b 
(0.47) 
3.78b 
(0.46) 
2.73ab 
(0.51) 
3.22b 
(0.49) 
2.69ab 
(0.49) 
3.27ab 
(0.51) 
Leaf 5.99
ab 
(1.35) 
5.27a 
(1.49) 
6.79ab 
(1.59) 
6.30ab 
(1.43) 
7.39ab 
(1.36) 
7.36b 
(1.39) 
6.93ab 
(1.33) 
7.63b 
(1.35) 
E
as
te
rn
 H
em
lo
ck
 
Total 
biomass 
16.16ab 
(2.40) 
12.84a 
(2.00) 
16.81ab 
(2.21) 
18.48b 
(2.37) 
17.08ab 
(2.21) 
16.64ab 
(2.22) 
19.68b 
(2.09) 
20.34b 
(2.36) 
< 2 mm 
root 
4.43ab 
(0.87) 
2.88a 
(0.72) 
3.95ab 
(0.80) 
4.84b 
(0.86) 
4.07ab 
(0.80) 
3.95ab 
(0.81) 
5.64b 
(0.76) 
4.55ab 
(0.86) 
> 2mm 
root 
1.94a 
(0.29) 
1.68a 
(0.24) 
2.18a 
(0.26) 
1.84a 
(0.28) 
2.14a 
(0.26) 
1.80a 
(0.26) 
2.16a 
(0.25) 
2.85b 
(0.28) 
Total 
root 
6.37ab 
(1.04) 
4.56a 
(0.86) 
6.13ab 
(0.96) 
6.69b 
(1.03) 
6.21ab 
(0.95) 
5.75ab 
(0.96) 
7.79b 
(0.90) 
7.39b 
(1.02) 
Stem 7.05
ab 
(0.87) 
6.20a 
(0.72) 
7.68ab 
(0.80) 
8.62b 
(0.85) 
7.50ab 
(0.79) 
7.62ab 
(0.80) 
8.18b 
(0.75) 
8.91b 
(0.85) 
Leaf 1.55
ab 
(0.21) 
1.31a 
(0.18) 
1.63ab 
(0.20) 
1.76b 
(0.21) 
1.72b 
(0.20) 
1.72b 
(0.20) 
1.83b 
(0.19) 
1.98b 
(0.21) 
R
ed
 O
ak
 
Total 
biomass 
2.27a 
(0.55) 
1.79a 
(0.64) 
1.38a 
(0.59) 
1.35a 
(0.91) 
1.74a 
(0.70) 
2.80a 
(0.59) 
1.80a 
(0.55) 
1.56a 
(0.64) 
< 2 mm 
root 
0.47a 
(0.12) 
0.28a 
(0.14) 
0.31a 
(0.13) 
0.23a 
(0.19) 
0.36a 
(0.15) 
0.48a 
(0.13) 
0.38a 
(0.12) 
0.24a 
(0.14) 
> 2mm 
root 
1.10a 
(0.31) 
0.95a 
(0.36) 
0.70a 
(0.33) 
0.65a 
(0.51) 
0.86a 
(0.39) 
1.52a 
(0.34) 
0.99a 
(0.31) 
0.78a 
(0.36) 
Total 
root 
1.57a 
(0.42) 
1.23a 
(0.49) 
1.00a 
(0.45) 
0.89a 
(0.69) 
1.21a 
(0.53) 
2.00a 
(0.45) 
1.37a 
(0.42) 
1.02a 
(0.48) 
Stem 0.30
a 
(0.05) 
0.30a 
(0.06) 
0.16a 
(0.06) 
0.20a 
(0.08) 
0.21a 
(0.07) 
0.26a 
(0.06) 
0.20a 
(0.05) 
0.24a 
(0.06) 
Leaf 0.41
a 
(0.11) 
0.34a 
(0.13) 
0.24a 
(0.12) 
0.19a 
(0.19) 
0.31a 
(0.14) 
0.48a 
(0.12) 
0.25a 
(0.11) 
0.32a 
(0.13) 
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Table 4.1 (continued):  
O
3 t
ol
er
an
t T
re
m
bl
in
g 
as
pe
n Total 
biomass 
14.13ab 
(2.59) 
11.89a 
(2.70) 
18.87b 
(2.54) 
12.78a 
(2.52) 
10.53a 
(2.54) 
13.61ab 
(2.40) 
14.57ab 
(2.53) 
14.55ab 
(2.52) 
< 2 mm 
root 
4.42a 
(0.78) 
3.05a 
(0.82) 
6.19b 
(0.77) 
3.42a 
(0.77) 
3.78a 
(0.77) 
4.27ab 
(0.74) 
4.75ab 
(0.77) 
4.65ab 
(0.77) 
> 2mm 
root 
2.78a 
(0.69) 
2.21a 
(0.73) 
3.30a 
(0.68) 
2.37a 
(0.68) 
2.28a 
(0.68) 
3.11a 
(0.65) 
2.93a 
(0.68) 
2.76a 
(0.68) 
Total 
root 
7.20ab 
(1.42) 
5.28a
(1.50) 
9.50b
(1.41) 
5.79a
(1.40) 
6.05ab
(1.40) 
7.38ab
(1.34) 
7.68ab 
(1.40) 
7.41ab
(1.40) 
Stem 3.03
a 
(0.65) 
2.83a
(0.68) 
4.56b
(0.64) 
2.68a
(0.63) 
2.18a
(0.64) 
2.93ab
(0.60) 
3.17ab 
(0.64) 
3.16ab
(0.63) 
Leaf 3.45
ab 
(0.63) 
3.71ab 
(0.66) 
4.90a 
(0.62) 
3.66ab 
(0.61) 
2.60b 
(0.62) 
3.58ab 
(0.59) 
3.58ab 
(0.62) 
3.91ab 
(0.61) 
O
3 s
en
sit
iv
e 
T
re
m
bl
in
g 
as
pe
n Total 
biomass 
22.87d 
(3.48) 
15.54abc 
(3.50) 
13.49ab 
(3.89) 
11.91a 
(3.53) 
18.05abcd 
(3.73) 
18.11cd 
(3.42) 
21.69d 
(3.88) 
19.70cd 
(3.59) 
< 2 mm 
root 
5.90c 
(0.93) 
3.89ab 
(0.93) 
3.92ab 
(1.03) 
2.62a 
(0.94) 
5.24abc 
(0.99) 
4.67bc 
(0.91) 
5.87c 
(1.03) 
5.26c 
(0.95) 
> 2 mm 
root 
6.39c 
(1.21) 
4.18ab 
(1.17) 
3.11ab 
(1.39) 
2.60a 
(1.18) 
4.73abc 
(1.24) 
4.98bc 
(1.16) 
6.55c 
(1.33) 
4.68bc 
(1.24) 
Total 
root 
12.31c 
(2.05) 
8.11ab 
(2.04) 
7.20ab 
(0.28) 
5.27a 
(2.06) 
10.03bc 
(2.16) 
9.68bc 
(2.00) 
12.45c 
(2.28) 
9.96bc 
(2.11) 
Stem 4.38
b 
(0.72) 
2.72a 
(0.70) 
2.36a 
(0.78) 
2.40a 
(0.71) 
3.22ab 
(0.74) 
3.40ab 
(0.69) 
3.91b 
(0.79) 
3.72b 
(0.74) 
Leaf 6.13
c 
(0.86) 
4.64ac 
(0.88) 
3.81a 
(0.97) 
4.04ab 
(0.88) 
4.78ac 
(0.94) 
5.01ac 
(0.85) 
5.36bc 
(0.96) 
5.81c 
(0.89) 
 
Table 4.2:  Mean dry biomass (g) of each tissue type for each species grown under 30 
kg ha-1 yr-1 N.  Different letters indicate significantly different pairwise comparisons 
(p < 0.1) and standard error is shown in parentheses. 
  High soil NO3- 
  a O3 NO2 
NO2 + 
O3 CO2 
CO2 + 
O3 
CO2 + 
NO2 
CO2 + NO2 
+ O3 
Su
ga
r 
m
ap
le
 
Total 
biomass 
18.56a 
(3.14) 
18.02a 
(3.15) 
19.70ab 
(3.12) 
20.87ab 
(3.34) 
18.69a 
(3.50) 
22.19ab 
(3.34) 
16.20a 
(3.13) 
27.55b 
(3.29) 
< 2 mm 
root 
4.73a 
(0.89) 
4.98a 
(0.90) 
5.16ab 
(0.89) 
4.94ab 
(0.95) 
4.53a 
(1.00) 
6.04ab 
(0.95) 
4.01a 
(0.89) 
7.42b 
(0.94) 
> 2mm 
root 
5.90a 
(1.01) 
5.70a 
(1.01) 
6.36ab 
(1.00) 
6.51ab 
(1.07) 
5.57a 
(1.13) 
5.65ab 
(1.07) 
5.37a 
(1.01) 
8.25b 
(1.06) 
Total 
root 
5.90a 
(1.01) 
5.70a 
(1.01) 
6.36ab 
(1.00) 
6.51ab 
(1.07) 
5.57a 
(1.13) 
5.65ab 
(1.07) 
5.37a 
(1.01) 
8.25b 
(1.06) 
Stem 3.15
ab 
(0.59) 
2.49a 
(0.59) 
2.81abc 
(0.59) 
3.70bc 
(0.63) 
2.72ab 
(0.66) 
3.78bc 
(0.63) 
2.39ab 
(0.59) 
4.52c 
(0.62) 
Leaf 4.78
a 
(1.03) 
4.84a 
(1.03) 
5.37ab 
(1.03) 
5.74ab 
(1.10) 
5.91ab 
(1.15) 
6.71ab 
(1.10) 
4.43a 
(1.03) 
7.34b 
(1.08) 
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Table 4.2 (continued):  
Ea
st
er
n 
H
em
lo
ck
 
Total 
biomass 
12.73a 
(1.82) 
12.27a 
(1.89) 
15.02ab 
(2.04) 
18.85b 
(2.05) 
15.70ab 
(2.05) 
15.55ab 
(1.78) 
16.51abc 
(1.90) 
20.52c 
(1.89) 
< 2 mm 
root 
2.81a 
(0.62) 
3.20a 
(0.64) 
3.60ab 
(0.69) 
5.33b 
(0.70) 
3.82ab 
(0.70) 
4.04ab 
(0.61) 
4.71b 
(0.65) 
4.94b 
(0.64) 
> 2mm 
root 
1.71ab 
(0.24) 
1.49a 
(0.25) 
1.69ab 
(0.27) 
2.19b 
(0.27) 
1.81ab 
(0.27) 
1.68ab 
(0.24) 
2.05ab 
(0.25) 
2.27b 
(0.25) 
Total 
root 
4.54a 
(0.79) 
4.69a 
(0.82) 
5.25ab 
(0.88) 
7.53c 
(0.89) 
5.64abc 
(0.89) 
5.72abc 
(0.77) 
6.74b 
(0.83) 
7.22b 
(0.82) 
Stem 6.01
ab 
(0.71) 
5.57a 
(0.74) 
6.93abc 
(0.80) 
7.82cd 
(0.80) 
6.68ab 
(0.80) 
7.34bcd 
(0.70) 
7.21abc 
(0.74) 
9.39d 
(0.74) 
Leaf 2.27
abc 
(0.50) 
2.00ab 
(0.53) 
2.90abcd 
(0.57) 
3.37cd 
(0.57) 
3.24bcd 
(0.57) 
2.00a 
(0.53) 
2.51abc 
(0.53) 
3.93d 
(0.53) 
R
ed
 O
ak
 
Total 
biomass 
2.34ab 
(0.80) 
2.74ab 
(0.90) 
2.93a 
(0.72) 
2.83a 
(0.72) 
2.63ab 
(0.90) 
1.11a 
(0.60) 
2.29ab 
(0.67) 
1.96ab 
(0.73) 
< 2 mm 
root 
0.38ab 
(0.15) 
0.63a 
(0.17) 
0.40a 
(0.14) 
0.65ab 
(0.14) 
0.36ab 
(0.17) 
0.19b 
(0.11) 
0.43ab 
(0.12) 
0.38ab 
(0.14) 
> 2mm 
root 
1.20a 
(0.41) 
1.38ab 
(0.46) 
1.69a 
(0.37) 
1.26ab 
(0.37) 
1.15ab 
(0.46) 
0.45b 
(0.31) 
1.09ab 
(0.34) 
0.99ab 
(0.37) 
Total 
root 
1.58ab 
(0.53) 
2.02a 
(0.60) 
2.09a 
(0.48) 
1.92a 
(0.48) 
1.51ab 
(0.60) 
0.64b 
(0.40) 
1.52ab 
(0.44) 
1.36ab 
(0.49) 
Stem 0.28
a 
(0.09) 
0.27a 
(0.10) 
0.29a 
(0.08) 
0.32a 
(0.08) 
0.35a 
(0.10) 
0.21a 
(0.07) 
0.28a 
(0.08) 
0.23a 
(0.08) 
Leaf 0.48
ab 
(0.21) 
0.45ab 
(0.24) 
0.55ab 
(0.19) 
0.59ab 
(0.19) 
0.77a 
(0.24) 
0.26b 
(0.16) 
0.48ab 
(0.18) 
0.37ab 
(0.19) 
O
3 
to
le
ra
nt
 T
re
m
bl
in
g 
as
pe
n Total 
biomass 
22.06ab 
(6.48) 
26.68a 
(6.02) 
20.60ab 
(5.71) 
16.12b 
(5.68) 
32.17a 
(5.41) 
31.96a 
(5.39) 
31.28a 
(5.39) 
31.36a 
(5.57) 
< 2 mm 
root 
5.85ab 
(1.68) 
7.33a 
(1.57) 
5.64ab 
(1.49) 
4.50b 
(1.48) 
8.77a 
(1.41) 
9.14a 
(1.40) 
8.76a 
(1.41) 
8.46a 
(1.46) 
> 2mm 
root 
5.35ac 
(2.09) 
5.21ac 
(1.95) 
3.92bc 
(1.85) 
3.21c 
(1.84) 
8.81a 
(1.75) 
7.71ab 
(1.75) 
8.17ab 
(1.75) 
7.15ab 
(1.81) 
Total 
root 
11.17ab 
(3.67) 
15.55ab 
(3.42) 
9.60ab 
(3.25) 
7.73a 
(3.23) 
17.58b 
(3.07) 
16.85b 
(3.06) 
16.93b 
(3.07) 
15.59b 
(3.17) 
Stem 5.51
ab 
(1.70) 
6.96a 
(1.58) 
5.23ab 
(1.51) 
4.17b 
(1.50) 
7.47a 
(1.43) 
7.44a 
(1.42) 
7.50a 
(1.42) 
7.99a 
(1.47) 
Leaf 5.15
ab 
(1.28) 
7.24a 
(1.19) 
5.71ab 
(1.13) 
4.31b 
(1.12) 
7.03a 
(1.07) 
7.75a 
(1.07) 
6.87a 
(1.07) 
7.78a 
(1.10) 
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Table 4.2 (continued):  
 
O
3 
se
ns
iti
ve
 T
re
m
bl
in
g 
as
pe
n Total 
biomass 
19.52a 
(4.33) 
14.09a 
(4.49) 
14.69a 
(4.65) 
20.42a 
(4.61) 
15.46a 
(4.86) 
13.97a 
(4.56) 
17.54a 
(4.72) 
18.94a 
(4.59) 
< 2 mm 
root 
5.25a 
(1.26) 
4.05a 
(1.33) 
6.28a 
(1.31) 
5.64a 
(1.37) 
4.96a 
(1.44) 
4.36a 
(1.35) 
5.13a 
(1.39) 
5.40a 
(1.30) 
> 2mm 
root 
5.53a 
(1.88) 
4.32a 
(1.98) 
7.79a 
(2.00) 
6.35a 
(2.12) 
5.15a 
(2.15) 
4.47a 
(2.02) 
5.43a 
(2.09) 
5.28a 
(1.93) 
Total 
root 
11.05a 
(3.10) 
8.60a 
(3.26) 
13.88a 
(3.21) 
11.88a 
(3.36) 
10.35a 
(3.54) 
9.11a 
(3.31) 
10.82a 
(3.42) 
10.99a 
(3.18) 
Stem 3.47
a 
(0.77) 
2.35a 
(0.87) 
2.50a 
(0.87) 
3.36a 
(0.88) 
2.30a 
(0.93) 
2.16a 
(0.87) 
2.94a 
(0.93) 
2.97a 
(0.78) 
Leaf 5.20
a 
(1.14) 
3.80a 
(1.19) 
3.89a 
(1.22) 
5.78a 
(1.21) 
3.49a 
(1.28) 
3.48a 
(1.20) 
4.43a 
(1.26) 
5.42a 
(1.19) 
 
any tissue type.  Similarly, there were no effects of CO2 + NO2 or CO2 + O3.  In some 
cases the combination of CO2 + NO2 + O3 caused an increase in biomass.  This 
increases was seen in the < 2 mm roots, stem, and leaf biomass when soil NO3- was 
high and in the > 2 mm root biomass when soil NO3- was low.  Oaks showed no 
alteration in any tissue type under any single gas or combinatorial treatments that 
included elevated CO2.  Under low soil NO3-, O3 tolerant aspens had increased < 2 
mm root and stem biomass under elevated NO2 alone, but these effects were 
eliminated by elevated CO2.  When soil NO3- was high, there were no effects of single 
gases, or of any treatments including elevated CO2.  The O3 sensitive aspens showed 
no response in biomass to any treatment when soil NO3- was high, but when soil NO3- 
was low, O3 fumigation decreased the biomass of < 2 mm roots, > 2 mm roots, and 
stems and NO2 fumigation decreased < 2 mm root, > 2 mm root, stem, and leaf 
biomass.  The combination of NO2 and O3 had the same effect as NO2 alone, but the 
addition of elevated CO2 eliminated all the effects. 
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Figure 4.2:  Mean total seedling biomass reported as dry mass in grams.  Light gray 
bars indicate ambient (380ppm) CO2 and dark gray bars indicate elevated (560ppm) 
CO2.  The left-hand panels are the seedlings grown in low soil NO3- and the right-hand 
panels are those grown in 30 kg NO3- ha-1 yr-1.  On the x-axis, a = ambient NO2 + 
ambient O3, O3 = ambient NO2 + elevated O3, NO2 = elevated NO2 + ambient O3, and  
O3 + NO2 = elevated NO2 + elevated O3.  Asterisks indicate a significant difference 
between the ambient and elevated CO2 treatments.  Open circles indicate a significant 
difference between that treatment and ambient NO2 + ambient O3  treatment in the 
same CO2 group. 
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Gas exchange: 
 Net carbon assimilation in sugar maples (A, the sum of photosynthesis and 
respiration) exhibited acclimation to elevated CO2 (Tables 4.3 & 4.4).  When 
instantaneous A was measured at the CO2 concentration under which the plants were 
growing, elevated CO2 never increased A.  Nitrogen dioxide and O3 had no effect 
singly or in combination when CO2 was ambient regardless of soil NO3-.  When CO2 
was elevated, O3 decreased A in low NO3- and NO2 + O3 decreased it when soil NO3- 
was high.  When all the plants were compared at 560 ppm CO2, elevated CO2 
treatments generally had lower A than their ambient counterparts although this was 
only significant when soil NO3- was low and O3 was high (with or without NO2).  
There were no differences in oak A when measured at either CO2 concentration.   
There was no apparent acclimation of photosynthesis to elevated CO2 in either 
the O3 tolerant or sensitive aspens.  When measured at treatment level CO2, both the 
elevated CO2 and the CO2 + NO2 treatments had significantly higher A than their 
ambient CO2 counterparts (Table 4.3 & 4.4).  There were no differences between the 
ambient/elevated CO2 treatment pairs when all the trees were measured at 560 ppm 
CO2, a clear indication that the changes in photosynthesis observed when seedlings 
were measured in their treatment were the same as the instantaneous responses to 
increased CO2. 
Although there was no evidence of photosynthetic acclimation in the aspens, 
the addition of NO2 and/or O3 in the high soil NO3- group reduced A when CO2 was 
elevated, although the elevated CO2 treatments were still higher than their ambient 
CO2 counterpart. (table 4.3 & 4.4).   There were no differences between the NO2 + O3 
and the CO2 + NO2 + O3 treatments, but this was due to higher A in the NO2 + O3 
treatments rather than decreased A in the CO2 + NO2 + O3 treatments. 
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Table 4.3:  Means of each gas exchange parameter for each species grown under 
ambient soil NO3-.  A and respiration are in µmol CO2 m-2 s-1 and stomatal 
conductance in mmol H2O m-2 s-1. Different letters indicate significantly different 
pairwise comparisons (p < 0.1) and standard error is shown in parentheses. 
  Low soil NO3- 
 Treat-ment a O3 NO2 
NO2 
+ O3 
CO2 
CO2 
+ O3 
CO2 + 
NO2 
CO2 + 
NO2 + 
O3 
Su
ga
r 
m
ap
le
 
A (treatment 
CO2) 
3.73a 
(0.58) 
3.00ab 
(0.58) 
3.51ab 
(0.58) 
3.58a 
(0.58) 
3.93a 
(0.58) 
2.19b 
(0.58) 
4.26a 
(0.58) 
3.28ab 
(0.58) 
A  
(560 ppm 
CO2) 
4.08bc 
(0.73) 
4.18bc 
(0.67) 
5.29c 
(0.82) 
5.52c 
(0.67) 
4.08bc 
(0.73) 
2.19a 
(0.67) 
4.26bc 
(0.67) 
3.28ab 
(0.67) 
Stomatal 
conductance 
0.034cd 
(0.005) 
0.030bcd 
(0.005) 
0.034cd 
(0.005) 
0.039d 
(0.005) 
0.029bcd 
(0.005) 
0.015a 
(0.005) 
0.026abc 
(0.005) 
0.020ab 
(0.005) 
Dark 
respiration -0.67
a 
(0.10) 
-0.35cd 
(0.10) 
-
0.53abc 
(0.09) 
-0.59ab 
(0.10) 
-0.34cd 
(0.10) 
-0.29d 
(0.10) 
-0.56ab 
(0.10) 
-0.41bd 
(0.10) 
R
ed
 O
ak
 
A (treatment 
CO2) 
5.01a 
(1.39) 
6.14a 
(1.21) 
6.53a 
(1.24) 
5.14a 
(1.50) 
6.63a 
(1.38) 
6.63a 
(1.55) 
5.54a 
(1.33) 
4.66a 
(1.53) 
A 
(560 ppm 
CO2) 
6.42a 
(1.63) 
7.84a 
(1.42) 
8.31a 
(1.45) 
6.27a 
(1.78) 
6.24a 
(1.59) 
6.67a 
(1.82) 
5.56a 
(1.57) 
4.62a 
(1.81) 
Stomatal 
conductance 0.072
ab 
(0.021) 
0.072ab 
(0.019) 
0.101a 
(0.019) 
0.065ab 
(0.023) 
0.076ab 
(0.021) 
0.062ab 
(0.023) 
0.044b 
(0.020) 
0.051b 
(0.023) 
Dark 
respiration 
-0.69ab 
(0.12) 
-0.49a 
(0.12) 
-0.54a 
(0.11) 
-0.76b 
(0.11) 
-0.52a 
(0.12) 
-0.49a 
(0.12) 
-0.45a 
(0.14) 
-0.66ab 
(0.12) 
O
3  
to
le
ra
nt
 a
sp
en
 A (treatment CO2) 
8.43ab 
(1.40) 
10.43bc 
(1.35) 
7.10a 
(1.37) 
8.05ab 
(1.42) 
11.61c 
(1.46) 
10.74bc 
(1.73) 
11.33c 
(1.31) 
9.97bc 
(1.47) 
A  
(560 ppm 
CO2) 
12.50ab 
(1.52) 
13.00a 
(1.62) 
9.93b 
(1.59) 
10.69ab 
(1.67) 
11.61ab 
(1.72) 
10.77ab 
(1.62) 
10.38ab 
(1.58) 
10.08ab 
(1.74) 
Stomatal 
conductance 0.224
a 
(0.026) 
0.204a 
(0.024) 
0.189a 
(0.025) 
0.221a 
(0.026) 
0.189a 
(0.028) 
0.186a 
(0.025) 
0.196a 
(0.023) 
0.218a 
(0.028) 
Dark 
respiration -1.21
ab 
(0.16) 
-1.21ab 
(0.19) 
-0.99ac 
(0.15) 
-1.14ab 
(0.17) 
-0.95bc 
(0.18) 
-0.78c 
(0.17) 
-0.99ab 
(0.17) 
-1.27a 
(0.17) 
O
3 s
en
sit
iv
e 
as
pe
n 
A (treatment 
CO2) 
9.09a 
(1.55) 
9.75a 
(1.54) 
8.83a 
(1.46) 
11.48ab 
(1.49) 
13.76b 
(1.37) 
9.35a 
(1.49) 
12.01ab 
(1.57) 
11.59ab 
(1.53) 
A  
(560 ppm 
CO2) 
12.51ab 
(1.71) 
12.86ab 
(1.75) 
11.78ab 
(1.66) 
13.51a 
(1.68) 
13.62a 
(1.56) 
9.52b 
(1.70) 
12.00ab 
(1.79) 
11.61ab 
(1.77) 
Stomatal 
conductance 0.243
ac 
(0.048) 
0.226bc 
(0.047) 
0.232bc 
(0.044) 
0.346a 
(0.046) 
0.287ab 
(0.040) 
0.185c 
(0.046) 
0.229ac 
(0.049) 
0.239ac 
(0.046) 
Dark 
respiration -1.35
a 
(0.12) 
-0.97bc 
(0.13) 
-1.12ab 
(0.12) 
-0.98bc 
(0.11) 
-0.75c 
(0.12) 
-0.80bc 
(0.12) 
-0.89bc 
(0.13) 
-1.09ab 
(0.12) 
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Table 4.4:  Means of each gas exchange parameter for each species grown under 30 
kg ha-1 yr-1 N.  A and respiration are in µmol CO2 m-2 s-1 and stomatal conductance in 
mmol H2O m-2 s-1. Different letters indicate significantly different pairwise 
comparisons (p < 0.1) and standard error is shown in parentheses. 
  High soil NO3- 
 Treat-ment a O3 NO2 
NO2 + 
O3 
CO2 
CO2 + 
O3 
CO2 + 
NO2 
CO2 + 
NO2 + 
O3 
Su
ga
r 
m
ap
le
 
A (treatment 
CO2) 3.68
ab 
(0.68) 
3.84a 
(0.62) 
3.66ab 
(0.62) 
3.03ab 
(0.68) 
4.02a 
(0.62) 
3.66ab 
(0.62) 
3.80ab 
(0.62) 
2.39b 
(0.62) 
A  
(560 ppm 
CO2) 
4.25 
(0.82) 
4.96 
(0.74) 
4.99 
(0.74) 
3.43 
(0.74) 
4.02 
(0.74) 
3.66 
(0.74) 
3.80 
(0.74) 
2.03 
(0.82) 
Stomatal 
conductance 0.034
ac 
(0.006) 
0.040a 
(0.005) 
0.043a 
(0.005) 
0.028bc 
(0.006) 
0.023c 
(0.005) 
0.036ab 
(0.005) 
0.025bc 
(0.005) 
0.020c 
(0.005) 
Dark 
respiration -0.60
ab 
(0.10) 
-0.52ac 
(0.10) 
-0.60a 
(0.09) 
-0.44ac 
(0.10) 
-0.33c 
(0.10) 
-0.38bc 
(0.10) 
-0.44ac 
(0.10) 
-0.63a 
(0.10) 
R
ed
 O
ak
 
A (treatment 
CO2) 
6.45a 
(1.21) 
5.00a 
(1.07) 
3.83a 
(1.21) 
4.86a 
(1.40) 
6.17a 
(1.54) 
4.63a 
(1.30) 
5.45a 
(1.10) 
5.02a 
(1.21) 
A  
(560 ppm 
CO2) 
7.95a 
(1.42) 
6.56a 
(1.24) 
4.71a 
(1.42) 
6.09a 
(1.64) 
6.16a 
(1.79) 
4.62a 
(1.51) 
5.43a 
(1.29) 
5.01a 
(1.42) 
Stomatal 
conductance 
0.113a 
(0.017) 
0.061b 
(0.016) 
0.052b 
(0.017) 
0.062b 
(0.020) 
0.033b 
(0.023) 
0.048b 
(0.019) 
0.042b 
(0.016) 
0.056b 
(0.017) 
Dark 
respiration 
-0.84a 
(0.12) 
-0.51b 
(0.14) 
-0.58b 
(0.11) 
-0.53b 
(0.14) 
-0.47b 
(0.14) 
-0.55b 
(0.12) 
-0.58ab 
(0.12) 
-0.76ab 
(0.14) 
O
3  
to
le
ra
nt
 a
sp
en
 
A (treatment 
CO2) 
8.99cd 
(1.09) 
9.09bcd 
(1.08) 
8.72d 
(1.05) 
10.62bcd 
(1.05) 
13.83a 
(1.05) 
11.28b 
(1.05) 
11.06bc 
(1.11) 
11.03bc 
(1.03) 
A  
(560 ppm 
CO2) 
12.42ab 
(1.05) 
12.20ab 
(1.03) 
12.14ab 
(1.05) 
13.49a 
(1.01) 
13.72a 
(1.05) 
12.14ab 
(1.05) 
11.12b 
(1.06) 
11.01b 
(0.98) 
Stomatal 
conductance 
0.212a 
(0.037) 
0.206a 
(0.037) 
0.203a 
(0.034) 
0.250a 
(0.035) 
0.255a 
(0.035) 
0.230a 
(0.035) 
0.198a 
(0.038) 
0.225a 
(0.035) 
Dark 
respiration -1.01
ab 
(0.26) 
-0.95ab 
(0.25) 
-0.93ab 
(0.23) 
-1.55c 
(0.24) 
-0.79a 
(0.25) 
-1.27bc 
(0.26) 
-1.29bc 
(0.25) 
-1.17ac 
(0.25) 
O
3 s
en
sit
iv
e 
as
pe
n 
A (treatment 
CO2) 
8.29b 
(1.86) 
9.67ac 
(1.86) 
6.24c 
(1.86) 
12.13a 
(1.96) 
14.05a 
(1.92) 
11.53ab 
(1.96) 
12.47a 
(1.86) 
13.16a 
(1.91) 
A  
(560 ppm 
CO2) 
10.45ab 
(1.07) 
12.01ac 
(1.27) 
10.40ab 
(1.16) 
13.11ac 
(1.35) 
13.43c 
(1.19) 
10.16a 
(1.11) 
13.07bc 
(1.16) 
12.95bc 
(1.11) 
Stomatal 
conductance 0.237
ab 
(0.049) 
0.240ab 
(0.049) 
0.162a 
(0.049) 
0.302b 
(0.053) 
0.272b 
(0.053) 
0.292b 
(0.053) 
0.271b 
(0.049) 
0.253b 
(0.053) 
Dark 
respiration 
-1.03ab 
(0.11) 
-1.09ab 
(0.13) 
-1.17ab 
(0.12) 
-1.22a 
(0.13) 
-0.98ac 
(0.15) 
-0.74c 
(0.13) 
-1.21ac 
(0.15) 
-0.89bc 
(0.12) 
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Net carbon assimilation in O3 tolerant and sensitive aspens did not appear to 
acclimate to elevated CO2 (Table 4.3 & 4.4).  When all the seedlings were measured at 
560 ppm CO2, A in the elevated CO2 group was rarely lower than its ambient CO2 
counterpart, giving little evidence for acclimation of A to elevated CO2.  
Stomatal conductance in maples and oaks was generally more responsive to the 
gas fumigation treatments compared to aspens (Table 4.3 & 4.4). In oaks, decreased 
conductance was seen under elevated NO2 and/or O3 when soil NO3- was high and 
under elevated CO2 or NO2 when soil NO3- was low.  In maple seedlings, the 
combination of CO2 and O3 decreased stomatal conductance regardless of NO2 in low 
soil NO3-.  When soil NO3- was high, CO2 decreased conductance under elevated NO2, 
and the CO2 + O3 treatment exhibited higher stomatal conductance than CO2 alone.  
Also in maples, the combination of CO2 + NO2 + O3 always had lower stomatal 
conductance than the ambient treatment.  O3 tolerant aspens did not respond in terms 
of stomatal conductance to any of the gas treatments.  In contrast, O3 sensitive aspens 
expressed decreases stomatal conductance in response to the combination of low soil 
NO3- elevated CO2, and increased.  In addition, when soil NO3- high, O3 tolerant 
aspens under the CO2 + NO2 treatment had higher conductance than those fumigated 
only with NO2. 
 Respiration in maples and oaks was decreased by elevated CO2 under all 
conditions except for oaks when under low soil NO3- (Table 4.3 & 4.4).  In maples 
grown in low soil NO3-, O3 alone decreased respiration and the CO2 effect was 
eliminated by NO2, while in high soil NO3- the combination of NO2 + O3 eliminated 
the CO2 effect.  In oaks, no treatments had an effect when soil NO3- was low and 
although NO2 and/or O3 decreased respiration under ambient CO2, they did not cause a 
decrease under elevated CO2.  In both oaks and maples in high soil NO3-, the 
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combination of CO2 + NO2 + O3 resulted in respiration rates similar to the ambient 
even though CO2 alone reduced respiration in both cases. 
 Respiration in the two aspen clones responded differently to elevated CO2 
although in both cases the responses depended on the NO2, O3, and NO3- applications 
(Tables 4.3 & 4.4).  In the O3 tolerant clone, elevated CO2 only decreased respiration 
in the elevated O3 treatment when soil NO3- was low and adding NO2 eliminated the 
effect.  In both NO3- groups, respiration in the CO2 + NO2 + O3 was not different from 
the ambient.  When soil NO3- was high, the combination of NO2 and O3 increased 
respiration under ambient CO2 while NO2 and O3 individually increased respiration 
when CO2 was elevated.  In the O3 sensitive aspens grown in low soil NO3-, elevated 
CO2 decreased respiration relative to the control unless NO2 and O3 were also 
elevated.  When CO2 was ambient, elevated O3 decreased respiration regardless of 
NO2 concentration.  In the high soil NO3- treatment, neither NO2 nor O3 had an effect 
under ambient CO2, but O3 decreased respiration when CO2 was elevated.  In both 
clones, the combination of CO2 + NO2 + O3 resulted in respiration rates similar to the 
ambient treatment regardless of soil NO3-. 
 
Allocation: 
 Application of the treatments caused few changes in the allocation of biomass 
in the slow growing species (maple, hemlock, and oak) (Fig 4.3 a-f).  No treatments 
had an effect on oaks or maples grown under high soil NO3-, or hemlocks grown under 
low soil NO3-.  However, maples grown in low soil NO3-, had decreased root:shoot 
when CO2 and NO2 were applied in combination with or without elevated levels of 
CO2 and hemlocks in high soil NO3- had decreased root:shoot in the CO2 + O3 
treatments. 
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 In both of the aspen clones, elevated CO2 tended to increase root:shoot except 
for O3 sensitive aspens in low soil NO3- (Fig 4.3 g-j).  Nitrogen dioxide eliminated the 
effect of CO2 in all cases such that CO2 + NO2 and CO2 + NO2 + O3 were not different 
from the ambient treatment.  The O3 sensitive clone of aspen had fewer changes in 
root:shoot compared to the O3 tolerant clone.  When soil NO3- was low and CO2 was 
ambient, NO2 + O3 reduced root:shoot.  When soil NO3- was high, CO2 alone 
increased root:shoot.  In both clones, the root:shoot in the CO2 + NO2 + O3 treatment 
was the same as in the control regardless of soil NO3-. 
 Changes in root:shoot were primarily driven by changes in allocation to roots 
and leaves, without changes in allocation to the stem, but was variable depending upon 
species identity and soil NO3- conditions (Table 4.5 & 4.6).  In maple seedlings grown 
under low soil NO3-, the addition of CO2 to the NO2 or NO2 + O3 treatments caused a 
decrease in % root biomass and a concurrent increase in % leaf biomass.  The addition 
of CO2 to the ambient or NO2 + O3 treatments also caused a decrease in % stem 
biomass.  When maples were grown under high soil NO3-, maples given CO2, O3, or 
NO2 singly had lower % stem biomass with only small changes in % root biomass, but 
elevated CO2 eliminated the effects and the combinatorial treatments exhibited 
root:shoot similar to the ambient treatment.  Hemlock seedlings had no changes in 
root:shoot when soil NO3- was low, but when hemlocks were grown under high soil 
NO3-, the decrease in root:shoot caused by elevated CO2 in the O3 and NO2 + O3 
treatments was caused primarily by decreased biomass in the roots.  Also in hemlocks, 
CO2 + O3 fumigated plants exhibited decreased biomass in the leaves and increased 
biomass of the stem relative to the CO2  alone treatment.  There were no differences in 
allocation to tissue types in CO2 + NO2 + O3 relative to the ambient treatments.   
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Figure 4.3: Ratio of belowground biomass (dry wt in g) to aboveground biomass (dry 
wt in g).  Light gray bars indicate ambient (380ppm) CO2 and black bars indicate 
elevated (560ppm) CO2.  The left-hand panels are the seedlings grown in low soil 
NO3- and the right-hand panels are those grown in 30 kg NO3- ha-1 yr-1.  On the x-axis, 
a = ambient NO2 + ambient O3, O3 = ambient NO2 + elevated O3, NO2 = elevated NO2 
+ ambient O3, and  O3 + NO2 = elevated NO2 + elevated O3.  Asterisks indicate a 
significant difference between the ambient and elevated CO2 treatments.  Open circles 
indicate a significant difference between that treatment and ambient NO2 + ambient O3  
treatment in the same CO2 group. 
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Table 4.5:  Allocation of dry biomass within seedlings for each species grown under 
low soil NO3-.  Different letters indicate significantly different pairwise comparisons 
(p < 0.1) and standard error is shown in parentheses. 
  Low soil NO3- 
 Treat-ment a O3 NO2 
NO2 + 
O3 
CO2 
CO2 + 
O3 
CO2 
+ 
NO2 
CO2 + 
NO2 + 
O3 
Su
ga
r 
m
ap
le
 
root:shoo
t 
1.77a 
(0.11) 
1.57ab 
(0.11) 
1.57ab 
(0.10) 
1.64ab 
(0.10) 
1.69a 
(0.11) 
1.59ab 
(0.10) 
1.15c 
(0.10) 
1.37bc 
(0.11) 
% < 2 
mm root 
28.74ab 
(2.07) 
28.10ab 
(2.26) 
26.07a 
(2.21) 
28.98ab 
(2.06) 
27.19ab 
(2.08) 
29.87b 
(2.06) 
25.52a 
(2.00) 
25.52a 
(2.07) 
% > 
2mm 
root 
36.34a 
(2.29) 
34.25ac 
(2.53) 
35.86ab 
(2.68) 
34.31ac 
(2.42) 
36.52a 
(2.30) 
32.52bc 
(2.36) 
28.68c 
(2.24) 
33.37ab 
(2.29) 
% Total 
root 
63.82a 
(1.69) 
60.72abc 
(1.81) 
60.05bc 
(1.52) 
61.68ab 
(1.52) 
62.45ab 
(1.69) 
60.83abc 
(1.60) 
52.89d 
(1.60) 
57.49cd 
(1.69) 
% Stem 12.96
ab 
(1.63) 
12.62ab 
(1.80) 
12.52a 
(1.91) 
14.88b 
(1.73) 
10.84a 
(1.64) 
11.68a 
(1.69) 
13.12ab 
(1.61) 
11.41a 
(1.63) 
% Leaf 21.93
ab 
(1.50) 
24.86ac 
(1.61) 
25.48c 
(1.35) 
21.78a 
(1.35) 
25.22bc 
(1.51) 
25.93c 
(1.42) 
32.59d 
(1.42) 
29.68d 
(1.51) 
E
as
te
rn
 H
em
lo
ck
 
root:shoo
t 
0.64a 
(0.05) 
0.54ab 
(0.04) 
0.60ab 
(0.05) 
0.57ab 
(0.05) 
0.56ab 
(0.05) 
0.51b 
(0.05) 
0.60ab 
(0.05) 
0.58ab 
(0.05) 
% < 2 
mm root 
27.90a 
(2.63) 
21.00c 
(2.20) 
23.59ac 
(2.46) 
25.29ac 
(2.63) 
21.72bc 
(2.46) 
22.80ac 
(2.46) 
26.82ab 
(2.32) 
22.86ac 
(2.63) 
% > 2 
mm root 
11.15ac 
(1.40) 
13.68a 
(1.19) 
13.59ab 
(1.31) 
10.74bc 
(1.39) 
13.52ab 
(1.31) 
10.35c 
(1.31) 
10.50c 
(1.24) 
13.58ab 
(1.40) 
% Total 
root 
38.79a 
(2.15) 
34.68ab 
(1.81) 
37.27ab 
(2.02) 
36.00ab 
(2.15) 
35.28ab 
(2.02) 
33.23b 
(2.02) 
37.16ab 
(1.90) 
36.38ab 
(2.15) 
% Stem 42.85
a 
(3.52) 
49.74a 
(2.97) 
46.79a 
(3.30) 
47.89a 
(3.52) 
47.35a 
(3.30) 
48.55a 
(3.30) 
43.44a 
(3.13) 
43.47a 
(3.52) 
% Leaf 18.50
a 
(2.73) 
15.58a 
(2.30) 
15.97a 
(2.56) 
16.16a 
(2.73) 
17.36a 
(2.56) 
18.20a 
(2.56) 
19.42a 
(2.42) 
20.20a 
(2.73) 
R
ed
 O
ak
 
root:shoo
t 
2.33ab 
(0.28) 
2.03a 
(0.32) 
2.46ab 
(0.30) 
2.43ab 
(0.45) 
2.71ab 
(0.35) 
2.52ab 
(0.30) 
2.76b 
(0.78) 
2.19ab 
(0.32) 
% < 2 
mm root 
19.77ab 
(2.51) 
17.96ab 
(2.90) 
22.65a 
(2.69) 
14.46b 
(4.11) 
20.12ab 
(3.18) 
17.21ab 
(2.69) 
19.12ab 
(2.51) 
15.04b 
(2.90) 
% > 2 
mm root 
49.04a 
(2.72) 
47.60a 
(3.14) 
48.19a 
(2.90) 
54.90a 
(4.44) 
50.54a 
(3.44) 
53.22a 
(2.90) 
52.75a 
(2.72) 
51.68a 
(3.14) 
% Total 
root 
68.81a 
(2.64) 
65.56a 
(3.05) 
70.84a 
(2.82) 
69.37a 
(4.31) 
70.66a 
(3.34) 
70.42a 
(2.82) 
71.87a 
(2.64) 
66.72a 
(3.05) 
% Stem 15.00
ab 
(1.98) 
18.24a 
(2.83) 
12.68b 
(2.12) 
17.30ab 
(3.22) 
11.87b 
(2.50) 
11.89b 
(2.12) 
15.40ab 
(1.98) 
16.58ab 
(2.28) 
% Leaf 16.18
a 
(2.11) 
15.96a 
(2.44) 
16.34a 
(2.26) 
13.60a 
(3.45) 
17.09a 
(2.67) 
17.54a 
(2.26) 
12.83a 
(2.11) 
16.64a 
(2.44) 
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Table 4.5 (continued):  
O
3 t
ol
er
an
t T
re
m
bl
in
g 
as
pe
n root:shoot 
1.03a 
(0.10) 
0.97a 
(0.11) 
1.00a 
(0.10) 
0.96ab 
(0.10) 
1.30b 
(0.10) 
1.29b 
(0.10) 
1.08ab 
(0.10) 
1.13ab 
(0.10) 
% < 2 
mm root 
35.31c 
(1.93) 
27.64a 
(2.03) 
32.88bc 
(1.93) 
30.56ab 
(1.93) 
33.85bc 
(1.93) 
33.69bc 
(1.84) 
33.83bc 
(1.93) 
32.17bc 
(1.93) 
% > 2 
mm root 
14.44a 
(1.90) 
19.43c 
(2.00) 
16.75ab 
(1.90) 
16.78ab 
(1.90) 
22.25c 
(1.90) 
21.05c 
(1.81) 
17.37ab 
(1.90) 
19.81bc 
(1.90) 
% Total 
root 
49.79b 
(2.33) 
47.08a
(2.44) 
49.59ab
(2.33) 
47.51ab
(2.33) 
56.17c
(2.33) 
54.74c 
(2.24) 
51.09ab 
(2.33) 
52.16bc
(2.33) 
% Stem 21.03
ab 
(1.45) 
23.21ab 
(1.54) 
23.64a 
(1.45) 
21.71ab 
(1.45) 
19.77b 
(1.45) 
19.29b 
(1.38) 
20.89ab 
(1.45) 
21.65ab 
(1.45) 
% Leaf 29.15bcd 
(1.68) 
29.81cd 
(1.76) 
26.77abc 
(1.69) 
30.89d 
(1.69) 
24.17a 
(1.68) 
25.97c 
(1.62) 
27.95bc
d 
(1.68) 
26.31ab 
(1.69) 
O
3 s
en
sit
iv
e 
T
re
m
bl
in
g 
as
pe
n root:shoo
t 
0.93ab 
(0.15) 
0.74bc 
(0.14) 
1.12a 
(0.15) 
0.58c 
(0.14) 
1.10a 
(0.14) 
0.89ab 
(0.14) 
1.10a 
(0.16) 
0.83bc 
(0.15) 
% < 2 
mm root 
24.07b 
(2.88) 
20.53b 
(2.87) 
31.58a 
(3.00) 
14.23c 
(2.76) 
24.13b 
(2.87) 
22.35b 
(2.87) 
23.46b 
(3.17) 
23.97b 
(3.00) 
% > 2 
mm root 
32.23ab 
(2.92) 
28.94ab 
(2.91) 
29.64ab 
(3.14) 
28.51ab 
(2.80) 
30.61ab 
(2.92) 
33.05a 
(2.92) 
32.72ab 
(3.21) 
27.24b 
(3.03) 
% Total 
root 
55.10a 
(3.40) 
47.99b 
(3.24) 
58.38a 
(3.49) 
41.41c 
(3.18) 
53.62ab 
(3.24) 
54.29a 
(3.24) 
55.07a 
(3.70) 
50.30ab 
(3.44) 
% Stem 19.96
ac 
(1.56) 
19.49ac 
(1.51) 
17.67bc 
(1.60) 
21.55a 
(1.49) 
20.37a 
(1.52) 
17.59c 
(1.52) 
19.88ac 
(1.69) 
20.44ab 
(1.55) 
% Leaf 23.15
a 
(3.14) 
30.57bc 
(3.10) 
22.12a 
(3.26) 
35.25c 
(2.99) 
24.25a 
(3.10) 
26.36ab 
(3.10) 
23.45a 
(3.44) 
28.03ab 
(3.24) 
 
Table 4.6:  Allocation of dry biomass within seedlings for each species grown under 
low soil NO3-.  Different letters indicate significantly different pairwise comparisons 
(p < 0.1) and standard error is shown in parentheses. 
  High soil NO3- 
 
 
a O3 NO2 
NO2 + 
O3 CO2 
CO2 + 
O3 
CO2 + 
NO2 
CO2 +  
NO2 + 
O3 
Su
ga
r 
m
ap
le
 
root:shoot 1.33
ab 
(0.13) 
1.58a 
(0.13) 
1.43ab 
(0.13) 
1.32ab 
(0.14) 
1.19b 
(0.15) 
1.32ab 
(0.14) 
1.32ab 
(0.13) 
1.40ab 
(0.14) 
% < 2 
mm root 
25.50a 
(1.85) 
26.64a 
(1.85) 
26.08a 
(1.85) 
24.73a 
(1.95) 
23.83a 
(2.07) 
27.65a 
(1.95) 
24.15a 
(1.85) 
26.59a 
(1.95) 
% > 2mm 
root 
29.85 
(2.22) 
33.04 
(2.22) 
31.93 
(2.22) 
31.54 
(2.34) 
28.56 
(2.48) 
27.99 
(2.34) 
31.40 
(2.22) 
30.37 
(2.34) 
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Table 4.6 (continued):  
 
Su
ga
r 
M
ap
le
 % Total 
root 
55.35ab 
(2.71) 
59.67a 
(2.71) 
58.00ab 
(2.71) 
56.29ab 
(2.86) 
52.43b 
(3.03) 
55.65ab 
(2.86) 
55.55ab 
(2.71) 
56.90ab 
(2.86) 
% Stem 16.55
ab 
(1.18) 
13.65ab 
(1.18) 
13.34a 
(1.18) 
16.16b 
(1.25) 
15.75ab 
(1.32) 
16.34b 
(1.25) 
15.22ab 
(1.18) 
16.41b 
(1.25) 
% Leaf 28.10
a 
(2.32) 
26.68a 
(2.32) 
28.65a 
(2.32) 
27.55a 
(2.44) 
31.82a 
(2.59) 
28.02a 
(2.44) 
29.23a 
(2.32) 
26.69a 
(2.44) 
E
as
te
rn
 H
em
lo
ck
 
root:shoot 0.58
bc 
(0.04) 
0.62bc 
(0.04) 
0.53ac 
(0.04) 
0.66c 
(0.04) 
0.57bc 
(0.04) 
0.47a 
(0.04) 
0.62bc 
(0.04) 
0.54ab 
(0.04) 
% < 2 mm 
root 
22.45a 
(1.95) 
26.70ac 
(2.09) 
23.51ab 
(2.25) 
28.24bc 
(2.25) 
24.29ac 
(2.25) 
22.88a 
(1.95) 
29.01c 
(2.09) 
24.36ac 
(2.09) 
% > 2mm 
root 
13.93a 
(1.05) 
11.43b 
(1.12) 
10.91b 
(1.20) 
11.34b 
(1.20) 
11.55ab 
(1.20) 
11.18b 
(1.05) 
11.37b 
(1.12) 
10.84b 
(1.12) 
% Total 
root 
36.58bcd 
(1.66) 
38.00bcd 
(1.76) 
34.35ab 
(1.90) 
39.57cd 
(1.90) 
36.08bc 
(1.90) 
31.48a 
(1.76) 
40.15d 
(1.76) 
35.07ab 
(1.76) 
% Stem 47.07
ab 
(3.01) 
45.47ab 
(3.22) 
47.06ab 
(3.47) 
41.67a 
(3.47) 
41.17a 
(3.47) 
52.44b 
(3.01) 
42.73a 
(3.22) 
44.63a 
(3.22) 
% Leaf 16.57
bc 
(2.41) 
16.49bc 
(2.58) 
18.39ac 
(2.78) 
18.86ac 
(2.78) 
23.10a 
(2.78) 
13.41c 
(2.41) 
16.90bc 
(2.58) 
20.31ab 
(2.58) 
R
ed
 O
ak
 
root:shoot 2.03
ab 
(0.43) 
3.07a 
(0.48) 
2.71ab 
(0.39) 
2.26ab 
(0.39) 
1.95ab 
(0.48) 
2.02b 
(0.32) 
2.41ab 
(0.36) 
2.34ab 
(0.39) 
% < 2 mm 
root 
16.28ab 
(3.24) 
26.44c 
(3.62) 
14.65a 
(2.96) 
21.76b 
(2.96) 
21.54ac 
(3.62) 
16.72ab 
(2.42) 
19.64ac 
(2.74) 
16.57ab 
(2.96) 
% > 2mm 
root 
49.48ab 
(5.41) 
48.38ab 
(6.05) 
57.21a 
(4.94) 
44.14b 
(4.94) 
40.63b 
(6.05) 
47.69ab 
(4.04) 
47.66ab 
(4.58) 
52.40ab 
(4.94) 
% Total 
root 
66.72ab 
(4.40) 
75.65a 
(4.92) 
71.74ab 
(4.03) 
65.86ab 
(4.03) 
62.67b 
(4.92) 
64.32b 
(3.30) 
66.90ab 
(3.73) 
69.05ab 
(4.03) 
% Stem 12.53
ab 
(2.23) 
9.55a 
(2.49) 
11.54a 
(2.04) 
14.70ab 
(2.04) 
12.35ab 
(2.49) 
17.07b 
(1.66) 
12.25a 
(1.88) 
14.01ab 
(2.04) 
%Leaf 21.43
ab 
(3.29) 
15.36a 
(3.67) 
16.53a 
(3.00) 
19.17ab 
(3.00) 
25.64b 
(3.67) 
18.58ab 
(2.45) 
20.85ab 
(2.78) 
17.35b 
(3.00) 
O
3 t
ol
er
an
t a
sp
en
 
root:shoot 1.03
ab 
(0.11) 
1.11b 
(0.10) 
1.02ab 
(0.10) 
0.89c 
(0.10) 
1.35a 
(0.09) 
1.18ab 
(0.09) 
1.14b 
(0.09) 
1.07bc 
(0.09) 
% < 2 mm 
root 
28.37a 
(1.71) 
27.19a 
(1.60) 
28.05a 
(1.51) 
27.58a 
(1.51) 
30.51a 
(1.44) 
28.85a 
(1.44) 
28.49a 
(1.44) 
27.11a 
(1.44) 
% > 2mm 
root 
19.82bc 
(2.24) 
18.99bc 
(2.10) 
18.26bc 
(1.99) 
15.60c 
(1.99) 
24.82a 
(1.89) 
22.01ab 
(1.89) 
22.30ab 
(1.89) 
21.97ab 
(1.89) 
% Total 
root 
48.17bc 
(2.47) 
46.25bc 
(2.32) 
46.26bc 
(2.20) 
43.22c 
(2.20) 
55.32a 
(2.10) 
50.85ab 
(2.10) 
50.79b 
(2.10) 
49.08b 
(2.10) 
% Stem 24.81
a 
(1.49) 
25.67a 
(1.41) 
24.62a 
(1.34) 
25.08a 
(1.34) 
21.76b 
(1.28) 
23.46ab 
(1.28) 
29.96ab 
(1.28) 
24.88a 
(1.28) 
% Leaf 27.05
bc 
(2.13) 
28.04ab 
(2.00) 
29.14ab 
(1.90) 
31.65a 
(1.90) 
22.92c 
(1.81) 
25.68bc 
(1.81) 
25.24bc 
(1.81) 
26.05bc 
(1.81) 
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Table 4.6 (continued): 
O
3 
se
ns
iti
ve
 T
re
m
bl
in
g 
as
pe
n root:shoot 0.76
a 
(0.14) 
0.83ac 
(0.14) 
0.73a 
(0.14) 
0.79ab 
(0.14) 
1.01c 
(0.15) 
0.84ac 
(0.14) 
0.88ac 
(0.15) 
0.96bc 
(0.14) 
% < 2 mm 
root 
30.25a 
(2.94) 
27.22a 
(3.10) 
30.20a 
(2.95) 
28.33a 
(3.09) 
31.16a 
(3.27) 
29.80a 
(3.10) 
27.16a 
(3.27) 
31.56a 
(2.94) 
% > 2mm 
root 
26.20a 
(2.56) 
27.07a 
(2.60) 
27.40a 
(2.60) 
26.56a 
(2.66) 
29.84a 
(2.77) 
28.18a 
(2.71) 
31.38a 
(2.77) 
28.74a 
(2.78) 
% Total 
root 
52.83ac 
(3.56) 
50.54bc 
(3.58) 
52.32ac 
(3.54) 
49.46c 
(3.58) 
56.89a 
(3.73) 
54.11ac 
(3.67) 
55.23ab 
(3.70) 
56.30a 
(3.83) 
% Stem 18.21
ac 
(1.29) 
19.09ab 
(1.37) 
19.92a 
(1.29) 
17.98ac 
(1.37) 
19.76a 
(1.46) 
16.43bc 
(1.37) 
18.06ac 
(1.46) 
16.06c 
(1.29) 
% Leaf 27.57
ab 
(2.78) 
29.26ab 
(2.80) 
26.55bc 
(2.77) 
31.22a 
(2.81) 
22.05c 
(2.95) 
28.05ac 
(2.89) 
25.90bc 
(2.93) 
25.83bc 
(3.02) 
 
In both aspen clones, elevated CO2 had a tendency to increase root:shoot. In O3 
tolerant aspens, the increase in root:shoot caused by elevated CO2 alone was caused by 
an increase in the biomass of % > 2mm roots coupled with a decrease in % leaf 
biomass when NO3- was low or % stem biomass when NO3- was high.  When soil 
NO3- was low, many of the treatment combinations cancelled each other; the only case 
where CO2 + NO2 + O3 differed from the ambient was the increased % > 2 mm roots.  
When soil NO3- was high there were no differences between plants fumigated with 
CO2 + NO2 + O3 and the ambient treatment for any tissue type.  Ozone sensitive 
aspens in low NO3- and ambient CO2 tended to shift biomass from the roots to the 
leaves when O3 was elevated.  However, this shift only resulted in a change in total 
root:shoot when NO2 and O3 were both elevated.  The addition of elevated CO2 
eliminated these effects.  Unlike in the O3 tolerant aspens, the increased root:shoot in 
the CO2 alone treatment under high soil NO3- was not caused by an increase in % root 
biomass, but by a decrease in % leaf biomass.  Across all the tissue types and both 
clones, the only difference between the ambient treatment and the CO2 + NO2 + O3 
was in O3 tolerant aspens where there was higher % > 2 mm root biomass in the CO2 + 
NO2 + O3 treatment when soil NO3- was low compared to control. 
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Leaf characteristics: 
Total leaf area generally followed the same trends as total biomass for all 
species (Fig 4.4).  Under high soil NO3-, total leaf area in maples increased under the 
combined treatment of elevated CO2 and O3 and increased further in the CO2 + NO2 + 
O3 treatment.  In O3 tolerant aspens, seedlings in the NO2 + O3 treatment had the 
lowest total leaf area, but adding elevated CO2 eliminated the effect.  In O3 sensitive 
aspens growing in low soil NO3-, elevated CO2 and NO2 alone each decreased total 
leaf area resulting in seedlings in the CO2 + NO2 + O3 treatment having less leaf area 
than the ambient. 
The number of the leaves lost during the growing season was low for maples 
(< 10 %), but high for both aspen clones (~40 % in some treatments) (Fig 4.5).  The 
O3 tolerant clone was particularly prone to dropping its leaves as result of NO2 and/or 
O3 exposure.  However, the combination of CO2 + NO2 + O3 caused leaf losses similar 
to those observed in the control.  O3 sensitive seedlings in the CO2 + NO2 + O3 
treatment lost more leaves than the ambient when soil NO3- was high. 
The most common change in SLA was a decrease when plants were grown 
under elevated CO2.  However, this response was not observed in all treatment 
combinations and was dependent on the concentrations of NO2, O3, and NO3- (Fig 
4.6).  In maples, fumigation with CO2 or CO2 + NO2 decreased SLA relative to control 
when NO3- was high but the addition of O3 reduced the effects.  When soil NO3- was 
low, adding CO2 to any treatment caused a decrease in SLA relative to control.  The 
combination of CO2 + NO2 + O3 caused lower SLA than the ambient treatment (not 
significant in low NO3- where p = 0.11).  Oak seedlings exhibited few responses to the 
treatments; elevated NO2 increased SLA under low NO3-, but the addition of CO2 
eliminated the effect.  In O3 tolerant aspens, irrespective of soil NO3- conditions CO2  
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Figure 4.4: Mean total seedling leaf area (cm2).  Light gray bars indicate ambient 
(380ppm) CO2 and black bars indicate elevated (560ppm) CO2.  The left-hand panels 
are the seedlings grown in low soil NO3- and the right-hand panels are those grown in 
30 kg NO3- ha-1 yr-1.  On the x-axis, a = ambient NO2 + ambient O3, O3 = ambient NO2 
+ elevated O3, NO2 = elevated NO2 + ambient O3, and  O3 + NO2 = elevated NO2 + 
elevated O3.  Asterisks indicate a significant difference between the ambient and 
elevated CO2 treatments.  Open circles indicate a significant difference between that 
treatment and ambient NO2 + ambient O3  treatment in the same CO2 group. 
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Figure 4.5: Mean % of the total number of leaves produced that were lost during the 
growing season.  Light gray bars indicate ambient (380ppm) CO2 and black bars 
indicate elevated (560ppm) CO2.  The left-hand panels are the seedlings grown in low 
soil NO3- and the right-hand panels are those grown in 30 kg NO3- ha-1 yr-1.  On the x-
axis, a = ambient NO2 + ambient O3, O3 = ambient NO2 + elevated O3, NO2 = elevated 
NO2 + ambient O3, and  O3 + NO2 = elevated NO2 + elevated O3.  Asterisks indicate a 
significant difference between the ambient and elevated CO2 treatments.  Open circles 
indicate a significant difference between that treatment and ambient NO2 + ambient O3  
treatment in the same CO2 group. 
fumigation alone did not affect SLA, but seedlings in the CO2 + NO2 + O3 treatment 
had lower SLA than in the NO2 + O3 or ambient treatments.  Under low soil NO3-, 
CO2 also decreased SLA under elevated O3.  Unlike the O3 tolerant aspens, the O3 
sensitive aspens exhibited decreased SLA under elevated CO2 alone in both low and 
high soil NO3-.  Under high soil NO3-, CO2 also decreased SLA under elevated O3 
(regardless of NO2) and seedlings in the CO2 + NO2 + O3 treatment had lower SLA  
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Figure 4.6: Mean specific leaf area (SLA) (cm2 g-1 dry wt).  Light gray bars indicate 
ambient (380ppm) CO2 and black bars indicate elevated (560ppm) CO2.  The left-hand 
panels are the seedlings grown in low soil NO3- and the right-hand panels are those 
grown in 30 kg NO3- ha-1 yr-1.  On the x-axis, a = ambient NO2 + ambient O3, O3 = 
ambient NO2 + elevated O3, NO2 = elevated NO2 + ambient O3, and  O3 + NO2 = 
elevated NO2 + elevated O3.  Asterisks indicate a significant difference between the 
ambient and elevated CO2 treatments.  Open circles indicate a significant difference 
between that treatment and ambient NO2 + ambient O3  treatment in the same CO2 
group. 
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than those in the ambient treatment.  When soil NO3- was low, NO2 + O3 caused lower 
SLA in O3 sensitive seedlings, but adding CO2 eliminated the effect causing seedlings 
in the CO2 + NO2 + O3 treatment to have SLA values similar to the control. 
 
Discussion 
 In this study, fumigations using single treatments rarely caused changes in the 
total biomass of seedlings.  In contrast to what is reported for many plant species (e.g. 
Curtis and Wang 1998, Norby et al. 1999, and Ainsworth and Long 2005), we did not 
find a single example of CO2 alone enhancing total seedling biomass.  This response 
in sugar maples is consistent with the findings from the Rhinelander CO2 + O3 FACE 
experiment where it took several years for sugar maples to respond to the treatments 
(Karnosky et al. 2005).  Only the O3 sensitive aspens growing in low soil NO3- had 
decreased biomass when O3 alone was elevated, which concurs with many studies 
cited in the review by Chappelka and Samuelson (1998).   The O3 sensitive aspens in 
low soil NO3- were also the only species to exhibit decreased biomass when fumigated 
with NO2 alone. 
If we assume that the single-gas effects are additive, we would predict that 
maples, hemlock, oaks, and O3 tolerant aspens would have no changes in total biomass 
as a result of any treatment combination.  We would also predict that O3 sensitive 
aspens being grown in low soil NO3- would have decreased total biomass in the NO2 + 
O3, CO2 + O3, CO2 + NO2, and CO2 + NO2 + O3 treatments.  Instead, we often 
observed combinations of treatments that produced changes in total biomass greater 
than those we would have predicted from singular treatments.  For example, when soil 
NO3- was low, O3 sensitive aspens had reduced biomass in the NO2 + O3 treatment as 
expected, but elevated CO2 had the surprising effect of eliminating the effects of the 
NO2 and NO2 + O3 treatments.  When soil NO3- was high, both maples and hemlocks 
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had increased biomass in the CO2 + NO2 + O3 treatment, even though none of the 
treatments singly had an effect.  These responses suggest that in the future when CO2, 
NO2, and O3 are higher, maple, hemlock, oak, and aspen seedlings in low NO3- will 
produce biomass at a rate similar to what they produce in unpolluted areas today.  In 
high soil NO3- environments, aspens and oaks will not change biomass production; 
however, maples and hemlocks may have greater rates of biomass accumulation than 
they do today. 
The ability of trees to remove CO2 from the atmosphere and store it as wood 
has many politicians and environmentalists promoting the planting of trees to help 
reduce the concentration of CO2 in the atmosphere.  Many hope that faster growth of 
young trees under elevated CO2 will result in faster carbon storage, which can be 
achieved if the extra carbon being fixed goes into the production of wood (stem) 
biomass.  The only case where we saw an increase in stem biomass under elevated 
CO2 was in hemlocks when CO2 was applied in combination with NO2 and O3 in a 
high soil NO3- environment.  In all other species, no treatment combination that 
included CO2 produced higher stem biomass than the ambient treatment.  These results 
imply that regional models including an assumption of greater carbon storage in the 
future may be overestimating the carbon storage potential of forests, particularly when 
soil fertility is low, a finding that supports modeling efforts by Albani et al. (2006) 
who found that carbon storage in the Harvard Forest was overestimated when the 
model assumed increasing carbon storage with rising CO2. 
In addition to changing the way that total seedling biomass responded to the 
gaseous treatments, soil NO3- availability also changed the way that biomass was 
allocated within seedlings.  Although many theoretical treatments have predicted that 
plants will increase their root production under elevated CO2, most studies do not see 
this response (e.g., Curtis and Wang 1998, Ainsworth and Long 2005).  In low soil 
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NO3- environments, neither hemlock, oak, nor O3 sensitive aspens had any change in 
root:shoot, similar to the responses of other studies.  Maple and O3 tolerant aspens 
exhibited opposite results, suggesting different N requirements of the two species.  In 
maples, elevated CO2 reduced root:shoot, but only when NO2 was also elevated.  This 
may indicate that maples were using NO2 as a source of nitrogen and increased leaf 
production to increase acquisition of both C and N.  Conversely, O3 tolerant aspens 
had the more commonly predicted response of increased root:shoot under elevated 
CO2 driven by an increase in root production.  This supports the theory that plants 
with more C available should increase their allocation to tissues that acquire nutrients 
(e.g. Curtis and Wang 1998).  Interestingly, the O3 tolerant aspens may also be using 
NO2 as a source of N.  When NO2 was elevated it eliminated the effects of elevated 
CO2 restoring % root, % leaf, and root:shoot values to those seen in the ambient 
treatment.  In low fertility soil, there was decreased allocation to root biomass in the 
CO2 + NO2 + O3 treatment in maple, but this was the only case where root:shoot was 
different in the CO2 + NO2 + O3 treatment than in the ambient treatment.  In high 
fertility soil, one might expect that plants would be less likely to increase allocation to 
roots because of a reduced need to explore the soil volume to acquire nutrients.  The 
responses of maple, hemlock, and oak seedlings under high soil NO3- supported this 
hypothesis, showing no response of root:shoot to elevated CO2.  Conversly, both 
trembling aspen clones increased their root:shoot under elevated CO2.  In both cases it 
was allocation to the > 2 mm root fraction that was increased, which may indicate 
carbon storage in these woody, structural roots rather.  Despite the changes to aspen 
root:shoot caused by elevated CO2, the other treatments had cancelling effects and we 
found that none of our species had altered root:shoot in the future CO2 + NO2 + O3 
treatment in areas with high soil fertility. 
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 There are several processes that likely play important roles in explaining the 
responses of plant growth to CO2, NO2, and O3 fumigation.  The first process is from 
the interaction of plant leaves with oxidative compounds like O3 and NO2.  Plants 
generally protect themselves from gaseous oxidants by either closing their stomata and 
decreasing the fluxes of all gases in and out of the leaves (Eller and Sparks 2007) or 
by removal of gases from the internal leaf space through reactions with antioxidant 
compounds (Noctor and Foyer 1998).  If oxidants are not removed before they reach 
sensitive parts of the leaves they can damage leaf tissue which must then be repaired 
or replaced by the plant.  Repairing damaged tissue is likely to increase respiration 
rates and requires using photosynthetic products that could otherwise be allocated to 
growth, which means that more photosynthetic products will be required in order to 
maintain the same level of growth as plants that are not experiencing oxidative stress.  
To generate more photosynthate seedlings must either increase the amount of carbon 
fixed per unit leaf area or increase the total leaf area per seedling.   
 In this study, we examined both early (O3 tolerant and sensitive aspen) and late 
successional (maple, hemlock, and oak) tree species.  These two functional groups 
often behave differently physiologically and it is not surprising these groups have 
differential responses to fumigation by CO2, O3, and NO2.  For example, the response 
of stomatal conductance was strongly related to functional type, with the majority of 
responses to CO2 appearing in the late successional species.  Maples and oak both 
frequently exhibited decreased stomatal conductance under elevated CO2.  The 
reduction in stomatal conductance when both CO2 and O3 were elevated implies that 
less O3 entered the leaves of these seedlings and may explain why maples were not 
damaged by elevated O3.   
 In the early successional species, elevated CO2 did not tend to decrease 
stomatal conductance, which may have be due in part to leaf age.  The early-
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successional species had many more young leaves than the late-successional species as 
they continuously dropped older leaves and built new ones throughout the growing 
season.  Young aspen leaves have lower conductance and photosynthesis (Noormets et 
al. 2001), and may be less responsive than older leaves, which would explain why 
trends in photosynthesis and stomatal conductance did not appear to be as closely 
linked to the trends in biomass as seen in the late-successional species.  The one 
exception to the general trend was that O3 sensitive aspens had lower conductance in 
the CO2 + O3 treatment than under elevated CO2 alone, which helps explain why 
elevated O3 did not reduce biomass when CO2 was elevated 
Photosynthetic acclimation to elevated CO2 only appeared to happen in the late 
successional species.  Many species exhibit lower photosynthesis after long exposure 
to elevated CO2 than would be expected based on the instantaneous responses of 
individuals grown under ambient CO2 and briefly exposed to elevated CO2 (e.g. 
Kubiske et al 1997, Curtis et al. 2000, Ainsworth and Long 2004, Sefcik et al. 2007), 
but we observed this phenomenon only in maples. When gas exchange was measured 
on the maple seedlings at the CO2 concentration under which they were growing, the 
net carbon assimilation was the same for individuals in the elevated and ambient CO2 
treatments.  This indicates that maples did not increase their rate of carbon fixation 
(per unit leaf area) under elevated CO2 and explains why there was no increase in 
biomass caused by elevated CO2. 
There was little evidence of photosynthetic acclimation in aspens, especially 
when soil NO3- was low.  Young aspen leaves tend to have lower A and stomatal 
conductance than older ones (Noormets et al. 2001) and young leaves may be less 
likely to exhibit photosynthetic acclimation if leaves must be exposed for a certain 
amount of time before they acclimate.  Others have found that acclimation of 
photosynthesis to elevated CO2 varies by species and other environmental conditions 
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(e.g. Curtis and Wang 1998, Norby et al 1999, Ainsworth and Long 2005).  It is 
possible that had we measured gas exchange on older leaves we would have seen 
acclimation of photosynthesis or declines in stomatal conductance as we did in sugar 
maples, but that would not necessarily have given us a more accurate picture of total 
seedling gas exchange.  The aspens put on new leaves continuously and lost anywhere 
from 5 – 40% of their leaves through the course of the growing season, so at any given 
time a large amount of their total leaf area is made up of young leaves.   
 Maples grown under high soil NO3- exhibited the greatest biomass in the CO2 
+ NO2 + O3 treatment even though net photosynthesis was low; however, seedlings in 
this treatment also had high respiration rates and total leaf area.  This suggests the 
lower net carbon assimilation per unit leaf area was caused by higher respiration rather 
than lower photosynthesis and that the gross carbon assimilation in these seedlings 
may be equivalent to individuals in other treatments.  Because the CO2 + NO2 + O3 
treatment caused in increase in total leaf area concurrent with the decrease in net 
carbon assimilation per unit leaf area, it is possible on the whole-plant level these 
seedlings had more photosynthate available for building additional biomass.  The 
treatment effects on the biomass of hemlock seedlings were similar to that of the sugar 
maples and although we did not collect gas exchange data on the hemlock seedlings, 
we hypothesize that a similar mechanism was acting.   
In O3 tolerant aspens, there were no changes in biomass or conductance even 
though elevated CO2 tended to increase net carbon assimilation.  When soil NO3- was 
high, the increased respiration in the treatments where CO2 was combined with NO2 or 
O3 suggests that seedlings in these treatments were acquiring more carbon and using it 
to offset the damage caused by NO2 and O3 rather than increasing total biomass.  In O3 
sensitive aspens, elevated CO2 eliminated the detrimental effects of elevated NO2 
and/or O3 concentrations, but different mechanisms appear to account for the same 
  111
effect caused by the different treatments.  Elevated O3 alone clearly decreased total 
biomass, but adding CO2 restored it.  The decreased stomatal conductance under 
elevated CO2 + O3 likely decreased the amount of O3 entering the leaves and therefore 
limited the plants’ actual exposure to the oxidant.  Under elevated NO2, there were no 
differences in conductance between CO2 alone and CO2 + NO2, but A was higher in 
CO2 + NO2 than NO2 alone.  The greater A indicates more carbon being assimilated 
per unit leaf area and would give the individuals in the CO2 + NO2 treatment more 
photosynthate that could be used to repair the damage caused by elevated NO2.  The 
combination of CO2 + NO2 + O3 had A and conductance rates similar to CO2 alone, 
but also had higher respiration.  The conductance values suggest that the individuals in 
the CO2 + NO2 + O3 treatment received similar doses of O3 and NO2 as those in the O3 
alone and NO2 alone treatment and probably suffered a similar level of damage.  The 
fact that A was the same in the control and the CO2 + NO2 + O3 treatment while 
respiration was higher in the CO2 + NO2 + O3 treatment shows that the individuals in 
the CO2 + NO2 + O3 probably had higher rates of carbon fixation, but were respiring 
the fixed carbon faster as they repaired the damage being caused by the O3 and NO2.  
The combination of greater carbon fixation and higher respiration left the seedlings in 
the CO2 + NO2 + O3 with a similar amount of photosynthate available for new growth 
as the individual in the control group, which explains why the total biomass 
production in the two treatments was similar.  
Despite the lack of changes in biomass, the alteration of SLA shows that 
elevated CO2 did alter tissue (at least in some treatment combinations) for all the 
species.  The general production of thicker leaves under elevated CO2 shows that 
seedlings were adding leaf biomass that was not being used to increase photosynthetic 
surface area.  Since a decline in % N is a nearly universal finding of elevated CO2 
studies (e.g. Curtis and Wang 1998, Norby et al. 1999, and Ainsworth and Long 2005) 
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it is likely that these plants were increasing their storage of carbon-rich molecules (like 
cellulose) in their leaves which could have impacts for entire ecosystems when these 
leave become the substrate for herbivory (Coviella and Trumble 1999) and soil 
microbial activities (King et al. 2001). 
 Overall we saw surprisingly few changes as a result of the treatments we 
applied.  We saw no reason to suspect that carbon storage in tree seedlings will 
increase under future CO2 conditions, nor that O3 will decrease it.  Gas exchange was 
generally a good predictor of total seedling growth when net carbon assimilation, 
respiration, and stomatal conductance were all considered.  Soil fertility and plant 
functional type altered the responses of total biomass to the gaseous treatments; a 
reminder of the importance of including multiple species and ecological conditions in 
global change studies.  There were many cases where looking at single or 2-factor 
treatments would have led us to different conclusions about biomass and allocation 
responses to the combination of CO2 + NO2 + O3.  As this and other studies have 
shown, in order to predict how plants will respond to the many simultaneous changes 
occurring in Earth’s atmosphere we must design experiments that expose plants to 
simultaneous treatments and not rely so heavily on single-factor studies. 
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Chapter 5 
Ramifications of a changing atmosphere on plant growth, phenology, 
and reproduction: single and combined effects of rising carbon 
dioxide, nitrogen dioxide, and ozone 
 
Abstract 
The rising concentrations of atmospheric carbon dioxide (CO2), nitrogen dioxide 
(NO2), and ozone (O3) are likely to change the growth, reproduction, and phenology of 
plants in the future.  We know that elevated CO2 tends to cause an often transient 
increase in growth, decreased stomatal conductance, and increased reproductive 
output, but its effects on phenology are highly variable.  Even within the study species 
used here, Arabidopsis thaliana, elevated CO2 has been shown to accelerate, delay, or 
cause no change in flowering time.  Elevated O3 is detrimental to plants and can 
decrease growth, lower reproductive output, and typically delays flowering.  Nitrogen 
dioxide can cause oxidative damage to plants, but when it enters plant leaves it reacts 
to form nitrate and nitrite, providing a potentially beneficial extra source of nitrogen.  
In this study, we grew A. thaliana in open-top chambers with ambient or 560 ppm 
CO2, ambient or 40 ppb NO2, ambient or 100 ppb (5 days/week) O3, and grown in 
ambient or 30 kg ha-1 yr-1 soil NO3-.  We monitored the time required for plants to 
bolt, flower, and produce pods.  Further, we measured total biomass throughout the 
life-cycle and total reproductive output.  In general, we found that elevated CO2 
accelerated reproductive stages by 1-3 days.  However, if plants were simultaneously 
exposed to O3, reproductive stages were delayed by 2-4 days, suggesting that plants 
grown in polluted areas in the future will have delayed phenology compared with 
those growing today.  Plants exposed to elevated CO2 exhibited increased total 
biomass and reproductive output, but the addition of O3 or NO2 reduced or eliminated 
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this effect.  These responses could not have been predicted by the responses of A. 
thaliana to single-gas treatments.  The non-additive and often unexpected influences 
of multifactor treatments are particularly necessary if we are to generate accurate 
predictions of future plant performance. 
 
Introduction 
The composition and chemistry of the atmosphere is changing and these 
changes are largely driven by human activities.  The future atmosphere is likely to 
have higher concentrations of carbon dioxide (CO2), nitrogen dioxide (NO2), and 
ozone (O3) (IPCC 2007).  Therefore, in the future plants will persist in an environment 
richer in compounds known to have large effects on the growth, phenology, and 
reproductive output of plants.  Most global change studies examine the effects of gases 
individually.  However, there is no a priori reason to suggest the effects of single gas 
exposures will be additive or that we can predict the influence of multiple 
simultaneous gas exposures based on single-factor studies.  In this study, we exposed 
plants simultaneously to multiple gas species with the explicit goal to better 
understand plant performance under likely future atmospheric conditions. 
Single-gas fumigation studies have found that elevated CO2 typically, at least 
transiently, increases growth (e.g., Curtis and Wang 1998, Norby et al. 1999, 
Ainsworth and Long 2005), decreases stomatal conductance (Ainsworth and Long 
2005), increases reproductive output in crop plants, but not consistently in plants form 
natural populations (see review by Jablonski et al. 2002), reduces the %N of seeds 
(Jablonski et al. 2002) and alters phenology (see review by Springer and Ward 2007).  
Interestingly, it has been reported that phenology can be accelerated or delayed in 
response to elevated CO2.  In fact, both responses have been observed in the focal 
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species used in the study described here: Arabidopsis thaliana (Springer and Ward 
2007). 
Elevated O3 is a strong oxidant and is detrimental to both plants and animals.  
In many plants it has been shown to cause visible leaf damage (e.g., Greitner et al. 
1994, Coleman et al. 1995), decrease photosynthesis (e.g., reviews by Chappelka and 
Samuelson 1998, Skärby et al. 1998), decrease growth (see review by Fuhrer 2009), 
and reproductive output (see review by Black et al. 2000).  In annual plants, the timing 
of reproduction is often linked to some minimum plant size.  The reduction in total 
biomass coupled with direct damage to inflorescences and other reproductive 
structures can lead to delayed flowering, decreased number of seeds produced, and 
decreased individual seed mass (Black et al. 2000).  The effects of elevated O3 on 
growth are often tempered by the addition of elevated CO2 (e.g. Isebrands et al. 2001, 
Karnosky et al. 2003, King et al. 2005) which suggests that the effects on phenology 
and reproductive output may be similarly balanced when both gases are elevated. 
When NO2 enters plant leaves it disproportionates into nitrate and nitrite 
(Rennenberg and Geβler 1999, Siegwolf et al. 2001) and can potentially act as a 
source of nitrogen and have a beneficial effect on plants (see review by Sparks 2009), 
but NO2 has also been found to decrease or have no effect on growth (e.g. Zeevart 
1976, Rowland et al. 1985, Rajagopal and Saxe 1988, Vallano and Sparks 2007).  
Although little is known about the effects of NO2 on plant phenology it is likely its 
effects will be largely dependent on whether it increases or decreases total plant 
biomass. 
There are thought to be two general mechanisms of plant protection from 
phytotoxic gases: prevention of the gases from entering the leaves through decreases 
in stomatal conductance and elimination of gases within the leaves before they come 
in contact with living cells.  Reduction of stomatal conductance has been shown to 
  122
decrease the total flux of reactive gases into the leaf and explain 56% and 84% of the 
movement of O3 and NO2 into leaves, respectively (Eller and Sparks 2006).  This 
physical mechanism can be effective, but also necessitates a decrease in 
photosynthesis as the diffusion of CO2 into the leaf is also reduced.  Once an oxidative 
gas is inside the leaf, it will either oxidize some internal component or be quenched by 
an antioxidant compound in the leaf cell wall (Noctor and Foyer 1998). Ascorbate and 
glutathione are the two most commonly described antioxidant compounds in plants 
(Foyer and Noctor 2005). 
Changes in reproductive timing may have larger ramifications for annual 
compared to perennial plants because annuals must reproduce within a single growing 
season and lack of reproduction in any given year leads to a removal of a genotype 
from the population.  In contrast, a perennial plant may simply delay reproduction to a 
subsequent year.  Changes in seed size and number can alter the number of offspring 
each individual is likely to contribute to the next generation and changes in the timing 
of phenology, particularly flower and seed production, can decrease total reproductive 
output and potential fitness (Schemske 1977, Waser 1978, O’Neil 1997).  When 
flowering time is altered it can disrupt pollinator/flowering cycles that are crucial to 
the survival of both the pollinator and the plants.  Delays in the production of seeds 
can result in plants failing to reproduce before the end of the growing season (Ward 
and Kelly 2004) and make them more susceptible to reproductive failure as a result of 
late-season stochastic events.  
The overarching objective of this study was to determine if the application of 
multiple gas species would change the response of plant phenology and reproduction 
in ways that were not merely the summation of responses to single gas fumigations.  
In particular, we expected that enhanced CO2, a treatment likely to alter stomatal 
conductance will modify the effects other treatments by changing their ability to enter 
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leaves or to be eliminated from within the leaf (Eller and Sparks 2006).  Elevated CO2 
typically decreases stomatal conductance, so we expect that the effects of O3 and NO2 
will be lessened under future CO2 conditions, but we also expect that the detrimental 
effect of O3 will offset the positive effect of CO2.  This is the first study to examine 
how plant phenology, reproduction, and growth respond to the effects of these 
pollutants under current and future atmospheric CO2 conditions and will provide better 
predictions of future plant performance than can be obtained using single treatment 
studies. 
 
Methods 
Site description: 
This study was conducted in an open field at the University of Michigan 
Biological Station in Pellston, MI USA (45°33′14″N 84°47′4″W).  The average high 
and low June-August temperatures at the site were 23 and 13o C, respectively.  In 
order to reduce the ambient light level, a shade cloth was erected over the entire site, 
reducing the incoming light by 50%.  An additional plastic shield was placed over the 
plants within each chamber blocking natural precipitation and causing a 75% 
reduction in the total incoming light. 
 
Plant material and chambers: 
 On June 24th 2007, wild-type A. thaliana seeds were planted in a 2:1 mixture 
of sand and topsoil.  The seeds were all germinated under ambient conditions and 
thinned to one plant per pot 2-3 days following germination.  After thinning, each pot 
was randomly assigned to a treatment.  
One flow-through open-top chamber (0.8m x 0.8m x 1m) was placed over 60-
80 A. thaliana individuals and two 0.16 m3 rootboxes containing tree seedlings from a 
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companion study.  The chamber frames were made of 1/2 inch PVC pipe and the 
frames were wrapped with transparent 0.8 mm PVC film.  Fans encased in metal 
blower boxes were connected to a perforated ring of PVC that was placed at the 
bottom of the chamber.  The bulk flow from the blower box through the chamber was 
600-700 lpm resulting in a turnover time of less than 2 minutes.  A smoke test showed 
that the chambers became fully mixed in less than 10 seconds. 
The chambers were assigned to a block based on their location in the field in 
order to minimize the effects of possible light, wind, and moisture differences across 
the field.  Within each block, each chamber was randomly assigned one of the eight 
possible treatment combinations. 
 
Treatments: 
Carbon dioxide was purchased from Airgas (Charlevoix, MI) as a liquid, NO2 
was purchased in 10,000ppm tanks from Scott-Marin Specialty Gas (Riverside, CA), 
and O3 was generated by pumping ambient air through a LG-7 CD Laboratory O3 
generator (Ozone Engineering, El Sobrente CA).  The gas from each tank was 
delivered to a manifold block where it was split into 40 lines, each to a needle valve 
with a flowmeter.  Each needle valve controlled the flow of CO2, NO2, or O3 to a 
single chamber.  Opaque black PTFE tubing (Forberg Scientific, MI) was used for all 
NO2 and O3 lines and Poly Flo tubing (J.F. Good Company, OH) was used for CO2 
lines.  Return lines placed in each chamber were used to bring air from the chamber to 
a solenoid system that automatically sampled each chamber every 4 hours for CO2 and 
NO2.  O3 in each chamber was monitored manually every other day with a 
ThermoEnvironmental Model 49 Chemiluminescence O3 monitor.  A LiCor 6252 
IRGA was used for analysis of CO2 concentration and an EcoPhysics CLD 760 with a 
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PLC 660 NOx converter for analysis of NO2 and NO concentrations.  Both analyzers 
were calibrated weekly. 
Elevated CO2 chambers were set to 560ppm CO2 and elevated NO2 chambers 
received 40ppb NO2 and the treatments were applied between 7am and 7pm.  The 
elevated O3 treatment was 100 ppb and was applied 5 days/week from 10am until 
4pm.  The NO concentration in elevated NO2 chambers was typically 3-7ppb.  
Ambient CO2 concentration was 365ppm, ambient O3 was typically 30-40 ppb, and 
ambient NO2 and NO concentrations were both <1ppb.   
Once a week, all the plants received a ¼ strength Hoagland solution that was 
modified to include no nitrogen.  Half the chambers were given additional soil 
nitrogen in the form of NaNO3 at a rate of 30 kg N ha-1 yr-1.  The NaNO3 was added to 
the Hoagland solution and applied every two weeks. 
 
Ascorbate Assay 
 Leaf tissue was collected from 10 individuals in each treatment after 33 days of 
treatment.  The tissue was immediately frozen using liquid nitrogen and then stored at 
-80oC. Leaf tissue was ground in 1 mL of 2% metaphosphoric acid 2mM EDTA buffer 
and centrifuged at 13,000 RPM for 10 minutes.  The supernatant (symplastic extract) 
was collected and frozen at -80 ˚C. 
 The assay to determine ascorbate concentration followed the procedure of Rao 
and Ormrod 1995 and Conklin et al. 1996 with the modifications outlined in Eller and 
Sparks 2006.  Absorbance of each sample was measured at 265 nm using a 
spectrophotometer (Beckman, DU 640) and the samples were compared to a standard 
curve prepared using purified ascorbic acid (Sigma, St. Louis, MO, USA). 
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Growth, reproduction, and phenology: 
Growth was measured throughout the lifetime of the plants by harvesting 10 
individuals from each treatment each week.  The number of buds, flowers, and pods 
on each plant were counted and added to determine the maximum total reproductive 
output and the roots, leaves, bolts, and pods were separated to determine the biomass 
of each tissue type.  All the tissues were dried and weighed for final biomass 
determination.  The seeds were separated from the pods, weighed separately and the 
mean seed weight from a single pod was multiplied by the total number of pods each 
plant produced during its lifetime to get an estimated total seed production that 
included the pods that released their seeds before the harvest.  Then a subset of seeds 
from each sample were counted and weighed to determine the mean weight (size) of 
an individual seed.  The estimated total seed production was divided by the mean seed 
size to estimate the total number of seeds produced by each plant. 
Phenological transitions were monitored by counting the number of individuals 
with bolts, flowers, and pods each day. 
 
Statistical Analysis: 
Treatment means were compared using the mixed model ANOVA technique 
with pairwise comparisons, block as a random factor, and α = 0.1.  The data for the 
figures of time required to bolt, flower, and produce pods were generated using the 
survivorship analysis PROC LIFETEST with block as a random factor.  All statistical 
analyses were done using the SAS statistical software (SAS Institute Inc., SAS 
Version 9.1.3, Cary, NC) and figures were generated in SigmaPlot (SPSS Science, 
Chicago, IL). 
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Results 
Phenology: 
 The effects of O3 and NO2 on the initiation of the reproductive phase (bolting) 
were different under current and future CO2 conditions.  Under current CO2 neither O3 
nor NO2 had an effect on bolting (Fig 5.1 a + b).  Despite the absence of single-gas 
effects, when soil N was high O3 and NO2 in combination delayed bolting by 3 days 
(median number of days until bolting).  In the future CO2 scenario, elevated O3 
delayed bolting by 2-3 days irrespective of the NO2 and soil NO3- conditions (Fig 5.1 c 
+ d).  Elevated CO2 caused a one day acceleration of bolting, but the addition of N  
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Figure 5.1: The proportion of individuals in each treatment with a bolt on each day.  
The top panels show the responses under current CO2 conditions, the bottom panels 
show the responses under elevated CO2 with the ambient treatment from the current 
CO2 group as a reference. 
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(either NO2 or soil NO3-) eliminated it.  
Changes in the time required to initiate reproduction led to changes in 
flowering time.  The 3-day delay in bolting caused by NO2 + O3 expanded to a 4-day 
delay in flowering (high soil NO3- only) and was the only response seen under current 
CO2 conditions (Fig 5.2 a + b).  Under elevated CO2, O3 continued to be a delaying 
influence (regardless of NO2 or NO3-), but the gap between the ambient treatment and 
the treatments including CO2 + O3 was reduced to 1-2 days.  In contrast, the 
acceleration caused by elevated CO2 was more pronounced in flowering than bolting 
(Fig 5.2 c + d); causing a 2-day acceleration that was again eliminated by N. 
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Figure 5.2: The proportion of individuals in each treatment with flowers on each day.  
The top panels show the responses under current CO2 conditions, the bottom panels 
show the responses under elevated CO2 with the ambient treatment from the current 
CO2 group as a reference. 
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 Under current CO2 conditions the changes in flowering time led to greater 
changes in time until pod production, but the opposite was true under elevated CO2.  
Under current CO2, the delay caused by NO2 + O3 increased to 5 days (high soil NO3-) 
and there were still no effects of any other treatments (Fig 5.3 a + b).  In the future 
CO2 scenario, elevated O3 still caused a 2-day delay in pod production, but high soil 
NO3- now eliminated the effect (Fig 5.3 c + d).  This suggests that high soil NO3- 
accelerated the transition from flowering to pod production such that the delay in 
flowering time did not alter the timing of pod production.  The presence of elevated 
CO2 was still an accelerating force (in low soil NO3-), but the time until pod 
production was only accelerated by 1 day. 
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Figure 5.3: The proportion of individuals in each treatment with pods on each day.  
The top panels show the responses under current CO2 conditions, the bottom panels 
show the responses under elevated CO2 with the ambient treatment from the current 
CO2 group as a reference. 
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Biomass: 
 The initiation of the reproductive phase of the A. thaliana life-cycle occurred 
around 35 days, so the leaf + root biomass at that time (very few individuals had bolts, 
but if they did the bolts were not included in the biomass) is indicative of the resources 
available to the plant at the start of reproduction.  There were no differences in either 
soil N group when CO2 was ambient (Fig 5.4 a + e).  Elevated CO2 alone increased 
biomass only when soil NO3- was low.  Under the high CO2 + low soil NO3- 
conditions, the enhancement caused by elevated CO2 was reduced by the addition of 
elevated O3, with the lowest biomass in the CO2 + O3 treatment (Fig 5.4b).  A nearly 
opposite effect was seen when under high soil NO3-; elevated CO2 alone did not alter 
biomass, but the addition of either O3 or NO2 alone resulted in significantly increased 
biomass (relative to the ambient, but not CO2 alone) (Fig 5.4g). 
 Biomass measured on plants harvested at 42, 54, and 72 days is indicative of 
the total amount of biomass each plant was able to produce (including reproductive 
effort) and gives an idea of each plant’s ability to acquire and use resources.  The 
smallest plants continued to be present in the ambient CO2 + low soil NO3- group and 
there were no differences caused by NO2 or O3 (Fig 5.4b).  When soil NO3- was high, 
NO2 alone increased biomass at the final harvest (72 days), but elevated O3 eliminated 
the effect (Fig 5.4f).  When CO2 was elevated, treatment differences started to appear 
at 54 days when elevated CO2 caused increased biomass in low soil NO3-; an effect 
eliminated by the addition of NO2 and/or O3, which had biomass values similar to the 
ambient treatment.  The same trends were seen at 72 days, but they were less 
pronounced (low soil NO3-), suggesting that the differences occurred between 42 and 
54 days and did not accumulate after 54 days.  When soil NO3- was high, the 
differences began appearing at 54 days and became greater through time (Fig 5.4h).  
Elevated CO2 increased biomass at 54 days and increased O3 reduced the effect.  By  
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Figure 5.4: Biomass (mg dry wt) vs time following planting in the high N treatment.  
The left panels show the first three harvest when very few individuals had produced 
bolts.  The weight of the bolt (if present) was subtracted to give the biomass of 
resource gathering tissue (leaves and roots).  The right panels show the last three 
harvests at which point most individuals had bolts and the total biomass is shown.  
Panels a-d had low soil NO3- and e-h had high soil NO3-. 
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72 days, all the treatments including elevated CO2 had greater biomass than the 
biomass and elevated O3 still reduced biomass, but the effect was no longer significant 
(CO2 + O3 vs CO2 p = 0.14, CO2 + NO2 + O3 vs CO2 p = 0.12).  These results suggest 
that in the future these plants will have increased biomass, but NO2 and/or O3 will 
eliminate the effect in low soil NO3- environments.  
 
Seed Production: 
Reproductive output can be broken into two components: reproductive effort 
(number of seeds produced and total seed biomass) and seed quality (in this case 
individual seed biomass).  Our treatments had the greatest effect on reproductive 
output.  Elevated CO2 resulted in higher total seed biomass and a greater number of 
seeds produced in both soil NO3- groups (Fig 5.5 a, b, e, and f), however this response 
was tempered by the additions of other treatments.  In low soil NO3- the addition of 
NO2 and/or O3 when CO2 was elevated caused declines both components of 
reproductive effort causing the combinatorial treatments to be equivalent to the 
ambient treatment.  When soil NO3- was high, elevated O3 reduced the CO2 
enhancement although the CO2 + O3 treatments were still higher than the ambient 
treatment.  Elevated NO2 alone also enhanced reproductive effort when soil NO3- was 
high.  The individual seed biomasses were largely unchanged by our treatments, but 
the two exceptions are notable (Fig 5.5 c + d).  Elevated O3 decreased individual seed 
biomass in both the ambient and elevated CO2 treatments when soil NO3- was low, but 
the addition of NO2- eliminated the effect.  When soil NO3- was high, the combination 
of CO2 + NO2 resulted in an increase in individual seed biomass. 
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Figure 5.5: Total seed biomass (top panels), individual seed weight (middle panels), 
and total number of seeds produced (bottom panels).  The low nitrogen treatment is 
shown with solid bars and the high nitrogen treatment with lined bars.  Light and dark 
bars represent ambient and elevated CO2, respectively.  Asterisks indicate a significant 
difference between the ambient and elevated CO2 groups.  Open circles indicate a 
treatment that is significantly different from the ambient NO2 + ambient O3 group at 
the same CO2 level (for example a difference between  elevated NO2 + elevated CO2 
and elevated CO2 alone). 
Ascorbate: 
 Arabidopsis thaliana individuals appear better able to increase their ascorbate 
production in respond to gaseous oxidants under elevated CO2 and high soil NO3- (Fig 
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5.6 a+b).  The combination CO2 + O3 caused an increase in ascorbate production 
regardless of soil NO3-, as did the application of NO2 alone.  When soil NO3- was high, 
NO2 increased ascorbate production in both ambient and elevated CO2 especially 
when O3 was also elevated.  This suggests that plant’s ability to chemically respond to 
pollutant gases may be strongly dependant on the amount of C and N available to 
them. 
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Figure 5.6: Ascorbate concentration (µmol asc g fw-1) in leaves at day 33.  The low 
nitrogen treatment is shown with solid bars and the high nitrogen treatment with lined 
bars.  Light and dark bars represent ambient and elevated CO2, respectively.  Asterisks 
indicate a significant difference between the ambient and elevated CO2 groups.  Open 
circles indicate a treatment that is significantly different from the ambient NO2 + 
ambient O3 group at the same CO2 level (for example a difference between elevated 
NO2 + elevated CO2 and elevated CO2 alone). 
 
DISCUSSION 
 The most important findings in this study are: 1) future concentrations of 
atmospheric CO2 may cause elevated O3 to delay bolting, flowering, and pod 
production even in species that have no response to O3 under current CO2 conditions 
and 2) although elevated CO2 appears to increase reproductive output when applied as 
a single treatment, the addition of O3 (both soil NO3- groups) and NO2 (low soil NO3-) 
greatly reduce the effect.  Studies that use only single treatments are likely to 
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underestimate the importance of O3 concentration to the phenology of plants in the 
future and overestimate the reproductive benefit of elevated CO2. 
 Flowering is a particularly important phenological stage because of the 
potential impacts on both the plant and on pollinators and herbivores that are 
dependent on the flowers (Hegland et al. 2009).  In some systems there is close 
coupling between the timing of flower production and the emergence of certain insect 
species and an acceleration or delay of even 1-2 days (as seen here) could result in 
food shortages for the pollinator and reduced pollination of flowers.  We found that 
under future CO2 conditions, areas with clean air are likely to experience accelerated 
flowering while areas with O3 pollution will experience delays.  This will cause both 
spatial and temporal shifts in phenology which could cause even greater decoupling of 
plant-insect interactions. 
 The alterations in the timing of pod production due to elevated CO2, and delays 
due to CO2 + O3 were not as great as the changes seen in flowering (and were 
completely eliminated when soil NO3- was high), which suggests that plants were able 
to (at least partially) recover from or compensate for their earlier accelerations and 
delays.  Delays in pod production can be extremely detrimental if they result in plants 
failing to set seed before the end of the growing season (Ward and Kelly 2004).  Since 
A. thaliana is largely self-fertilized, the timing of flowering may be less important to 
its survival than the timing of pod production, which may explain why pod production 
was less affected than flowering.  
 Accelerations in phenology due to elevated CO2 (Springer and Ward 2007) and 
delays due elevated O3 (Black et al. 2000) can often, though not always, be explained 
by changes in biomass.  Changes in total biomass can also be strongly associated with 
changes in reproductive output (Navas et al. 1997).  In this study we found that plant 
size at day 35 explained some of the patterns in phenology, size at 35 and 72 days both 
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contributed to total reproductive output, and ascorbate production provided some 
explanations for the differences in biomass. 
 Increased ascorbate can be indicative of both the oxidative stress that a plant is 
experiencing and its ability to respond to that stress (see review by Conklin and Barth 
2004).  Plants that are exposed to oxidative stress and do not increase their production 
of antioxidants are less likely to be able to remove the oxidants from the apoplast 
before they cause damage within the leaf and should therefore show more evidence of 
oxidative damage.  Because O3 is such a strong oxidant, it is likely that plants grown 
under elevated O3 were experiencing oxidative stress, however, they did not increase 
their ascorbate production unless CO2 (or NO2 in the high soil NO3- group) was also 
elevated.  This suggests that perhaps they did not have the extra resources required to 
increase ascorbate production.  If the low ascorbate levels represent an inability to 
generate protective antioxidants, it may explain why the elevated O3 + ambient CO2 
treatments had the lowest biomasses at day 35.  In the low NO3- group these biomass 
declines may have been responsible for the delayed bolting, flowering, and pod 
production in the CO2 + O3 and CO2 + NO2 + O3 treatments.  Something different 
appears to be happening in the high soil NO3- groups because all the treatments under 
elevated CO2 had similar biomasses at day 35 and yet there were delays in phenology 
caused by elevated O3.  Ascorbate was increased by exposure to O3 and/or NO2 in the 
elevated CO2 treatment, but perhaps this was not enough to fully protect the plants 
from their exposure to gaseous pollutants.  If these individuals were having spend 
extra resources to repair damaged tissue, they may have had less available to initiate 
reproduction even though they managed to maintain the same vegetative biomass. 
 Total reproductive output tracks very nicely with biomass at day 72.  Elevated 
CO2 increased total biomass, total seed biomass, and number of seeds regardless of 
soil NO3-, but  elevated O3 reduced the CO2 effect (as did NO2 when soil NO3- was 
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low), suggesting that even though ascorbate was increased, it was not enough keep up 
with the cumulative oxidative damage.  These results reveal that even in cases where 
studies have shown increased reproduction under elevated CO2, rising O3 may reduce 
(high soil NO3-) or eliminate (low soil NO3-) the effect. 
 This is the first study to look at the effects of these components of atmospheric 
change and it is risky to generalize too broadly from a study using only one species.  
Reviews of the CO2 (Springer and Ward 2007) and O3 (Black et al. 2000) effects on 
plant phenology outline the wide range of responses seen in different species and we 
may expect to see the same variability in responses to multiple treatments.  However, 
this study did reveal a number of multi-treatment effects that could not have been 
predicted from the responses to individual gases and are important for generating 
accurate predictions of future plant performance. 
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